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17th September, 2019 
 
Dear Delegate 
 
Welcome to the 2019 CEED Seminar, marking the 30th annual celebration of the Cooperative 
Education for Enterprise Development program. The CEED program staff and scholars thank 
you for your participation, and trust that you will find your time today well spent. 
 
Many private, public and not-for profit enterprises have achieved significant development 
through partnering with the CEED program for research projects. The CEED program is 
designed to provide an efficient way for enterprises to engage with university researchers and 
students. CEED projects are student research projects undertaken in partnership with public 
and private enterprises. The project topics are determined by the client enterprise – meaning 
that CEED projects address real issues in the client’s operations, delivering outcomes that 
enhance performance. The CEED scholars benefit from a unique opportunity to deliver 
research-based innovation in a real-world environment. 
 
2019 will see the completion of 14 projects, and we have commenced an additional 2 projects 
that will continue into 2020. These totals include our pro-bono projects with not-for-profit 
organisations, which offer our CEED Scholars the opportunity to undertake research that has 
an immediate impact in the community. We are also able to welcome CEED Scholars from 
Curtin University to undertake projects sponsored under the Woodside FutureLab program.. 
 
While today’s presentations are an important element of the professional development 
opportunities that the CEED program offers our scholars, we hope that it will also serve to 
demonstrate the opportunities that the program offers to Client enterprises and the host 
Universities. The CEED program has completed nearly 600 projects with more than 90 partner 
organisations. While the scale of the individual projects may be small, the program has created 
millions of dollars in research activity, and has produced benefits for our Clients worth many 
times the initial investments.  
 
For today’s celebration we particularly welcome our alumni – the ongoing success of the CEED 
program is testament to both the contributions that they made when CEED scholars, and the 
support that they have provided after graduation. 
 
Yours sincerely,  

 
Dr Jeremy Leggoe 
CEED Director 
  

 
 
Dr Jeremy Leggoe 
Director 
Cooperative Education for Enterprise Development 
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A Brief Introduction to CEED 
 
The Cooperative Education for Enterprise Development (CEED) program was founded within 
the Faculty of Engineering at the University of Western Australia (now the Faculty of 
Engineering and Mathematical Sciences) in 1989, and now gives access to all disciplines at 
UWA and Curtin University. The program was based on a model created at RMIT, with initial 
support via federal and state government funding. 
 
CEED projects are student research projects undertaken for academic credit, most often as 
Honours, Masters or Engineering Final Year Projects, though Higher Degree by Research 
project models are also offered.  
 
The projects are funded by the clients, and the topics are determined by the client – meaning 
that CEED projects address real issues in the client’s operations or policies, delivering 
outcomes which enhance performance. Not-for-profit organisations can participate via pro-
bono CEED projects. 
 
In most CEED projects, the Scholar spends up to 8 weeks on site with the client during the 
summer vacation, immersing themselves in the operations and culture of the client while 
working on their research project. Each CEED Scholar has both an academic supervisor and 
a mentor from the client enterprise. This ensures that the Scholar remains connected to the 
client throughout the project, and engages academic staff with the client and the project. 
 
Benefits of CEED projects to client enterprises include: 

• Cost effective research projects targeting issues specific to the client. 
• Engagement of University experts with client staff and client issues. 
• Extended engagement with potential graduate recruits (including the potential to 

maintain relationships with vacation employees) 
• Specialist training of potential graduate recruits in operations and technology unique to 

the client. 
• The opportunity to use the client mentor role in development programs for early career 

staff. 
• Access to University research facilities. 

 
 
 
The CEED Team 
 
Dr. Jeremy Leggoe  Director 6488 7315 
Ms Amanda Bolt  Administration Officer 6488 3130 
 
 
Contact Information 

 
Office Phone  08 6488 3130  
Office E-mail  ceed@uwa.edu.au 
Website  www.ceed.wa.edu.au    
Postal Address  CEED Office 
  c/- The University of Western Australia 
  M050 
  35 Stirling Highway 
  Crawley, WA, 6009 
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Abstract 

 
Measuring flow rates in wastewater pump stations (WWPSs) is important for planning, 
pump protection and quantifying overflows. The replacement of flow meters is a costly 
exercise, which normally includes bypassing the pump station, excavation and confined 
space entry. A cost-effective alternative is installing a clamp-on ultrasonic flow meter 
(USM) on the accessible pipework within the WWPS, but this can result in the upstream 
straight pipe length being outside manufacturer’s recommendations. This project 
investigates the general behaviour of clamp-on USM in a confined environment, focussing 
on its application in a dry well type 40 WWPS. USM performance is predicted by numerical 
calculations based on Computational Fluid Dynamics (CFD), and evaluated using 
experimental results from a test rig simulating actual pump station pipework. Results 
confirm the improvement in accuracy as the USM is moved away from a tee. Installation 
orientation is found to have significant impacts, with the angular dependence diminishing 
with increasing distance from the tee. 
 

1. Introduction 
 
Water Corporation measures flow rates in wastewater pump stations (WWPSs) for planning, 
pump protection and quantifying overflows. Presently, only 20-30% of WWPSs have flow 
meters.Retrofitting of in-line flow meters is expensive, and normally requires bypassing the 
pump station, excavation and confined space entry. In the example of Slade St WWPS (type 
180), the cost of mobilising and demobilising the equipment is estimated at $70,000, equivalent 
to the capital cost of two pumps for a lower-capacity pump station.  
 
A cost-effective alternative is installing a clamp-on ultrasonic flow meter (USM) on the 
accessible pipework in WWPSs. This can, however, result in the upstream straight pipe length 
being outside the meter manufacturer’s recommendations. As USMs are typically calibrated for 
a fully developed flow profile, the highest reading errors are expected close to flow disturbance 
sources, and should decrease with increasing downstream distance. Stoker (2011) tested a 
commercial USM installed at various locations downstream of a single bend. The maximum 
error shifts recorded were -16% (1.5D), -10.5% (3.5D), -8.5% (5D) and -5.0% (10D) at a 
Reynolds number (Re)=250,000. Since the flow field has an asymmetric structure while the 
USM acts as a line sensor, the accuracy of USM readings is also subject to variation due to 
installation orientation.  
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This project investigates the general behaviour of clamp-on USMs in confined environments, 
focussing on their application in dry well type 40 WWPSs. The objectives include:  

1. Build reliable CFD models for the pipework sections of interest, to improve 
understanding of the flow field downstream of disturbances and to predict the expected 
accuracy of a USM. 

2. Design, construct and commission an experimental rig for USM testing.  
3. Perform laboratory experiments to investigate the real-life response of a clamp-on USM 

at different distances from the fitting, and under other installation variations. 
 
2. Methodology 
 
2.1 CFD Simulation  
 
A commercial CFD package Ansys Fluent is used to simulate and visualise the fluid behaviour 
in various scenarios in a type 40 sewerage pump station with a design flow rate of 20 L/s. Pipe 
sections where a clamp-on USM could be installed are considered, specifically two risers and 
a horizontal pipe section connected to pressure main. The results of the simulation will support 
understanding of flow behaviours and provide data for the accuracy analysis. The model results 
are to be validated against the experimental results, to establish whether CFD can be used 
instead of experiments in future investigations.  
 
The geometry of the CFD model is obtained from engineering drawings stored in AquaDraw. 
Mesh refinement continues until the key parameters (pressure difference, velocity/TKE 
profiles) change less than 1% with each additional refinement. The mesh has been refined to 
two million elements. Inlet boundary condition is the outlet velocity profile from a model of a 
fully opened swing check valve with 3.6 million mesh elements.  
 
In addition, model results have found that check valve inlet turbulence intensity (TI) is a key 
parameter affecting velocity profiles at areas of interest. A typical 10% TI was experimentally 
measured at a centrifugal pump discharge (Flack et.al 1992), which has been applied as an 
approximation. The solution is calculated using k-epsilon turbulence model, with second-order 
discretisation method and coupled solution algorithms.  
 
Two baseline tests were designed to determine the reference flow profile under different Re 
(flow rate=10, 20, 30, 40 L/s at nominal pipe diameter, DN=150 mm) and pipe roughness. 
Three modelling tests were run to predict the accuracy level of USM readings at positions 
outside manufacturer’s recommendations. Key testing parameters include the downstream 
distance from a tee, installation orientation and distance between transducers.  
 
The model results are used to calculate profile factor (PF), equivalent to a correction constant 
in USM measurements. PF captures the difference between line velocity along the ultrasonic 
path and area average velocity across the pipe. The PF value is heavily affected by the shape of 
the velocity profile. USM manufacturers often apply a theoretical PF factor calculated using 
fully developed profile measured by Nikuradse. Thus, the deviation from a reference fully 
developed PF should characterise the reading error expected from flow profile disturbance.  
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2.2 Pilot Test Rig Development and Experiments  
 
A pilot test rig has been built to simulate a typical type 40 dry well WWPS with a design flow 
rate of 20 L/s and 150 mm DN. With the scaling ratio of 1:3, the rig pipe diameter is scaled 
down to match the line velocity of the pump station. Due to safety, time, practicality and cost 
considerations, factors such as water quality, pipe material and inlet pumps are not included in 
this experiment. The test rig design is shown in figure 1 below.  

 
Figure 1  A top view of the pilot test rig used in experimental tasks, USM-A is 

the meter under testing, USM-B and the magflow meter act as 
reference measurements. 

 
A magnetic flow meter (magflow) calibrated to ±0.2% uncertainty is used as the reference. Two 
commercial USMs with an accuracy of ±2 % are used for testing. The performance of USM is 
quantified by the percentage difference between USM-A readings and magflow. The rig is a 
closed system, where potable water stored in a 200 L tank is circulated by a 4.5 L/s pump.  Two 
major tests were conducted in the experiment: 
 Test A: USM-A is installed at 2D (pipe diameter), 5D, 10D, 20D, 30D and 55D (next 

to USM-B) away from the tee piece on the horizontal pipe.  
 Test B: USM-A is installed at 3.5D, 9D,17D and 24D downstream from check valve on 

each riser.  
At each location, the test was run at flows of 2.7 L/s and 2 L/s, swapping the duty pump line 
(pump 1 and pump 2). Two installation configurations (one ultrasonic path – “diagonal”, two 
ultrasonic paths – “reflection”), and different orientations considered are shown in figure 2.  
 
In addition, Test C is designed to investigate the orientation effects of USM. USM-A is rotated 
from 0° to 360° (anti-clockwise looking towards upstream) with a 45° interval. 0° installation 
is when both transducers are in the same plane as the pipework. 
 

 
Figure 2  Installation configuration and orientation in Test A and B. a) 

diagonal, 0°. b) diagonal, 90°. c) reflection, 0°. d) reflection, 90°. e) 
reflection, 270°. 
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3. Results and Discussion 
 
3.1 Full-Scale Theoretical CFD Analysis 
 

 
Figure 3  PF deviation from a fully developed profile, with varying distance 

from the nearest upstream disruption, diagonal 0 °  (in-plane) 
installation. a) for different duty pumps, b) for different flow rates, 
pump1.  

 
Percentage profile factor shift decreases as the USM is installed further away from the tee, 
which implies that the flow profile is restored and approaching to a fully developed state. The 
worst case is found for pump 2 at 1D downstream of the tee with a maximum 45% PF shift at 
a flow rate of 20 L/s in a new cement-lined pipe. A much lower PF shift% is seen when pump 
1 is running, as pump 1 is connected to a bend and 7D further to the USM installation next to 
the tee piece. The difference becomes insignificant from 10D onwards.  
 
Flow rate is found to have little effect on the result, other than a minor decrease in PF with 
increasing flow rate (Re). Lynnwroth (1979) stated PF is reduced about 1% per order magnitude 
increase in Re, which confirms the CFD prediction. Effects of flow rate also become less 
significant as USM moves away from flow disturbance sources.  
 

 
Figure 4  CFD predicted velocity profile, D=150mm, average velocity=1.13 m/s  
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3.2 Test Rig Experimental Results 
 

 
Figure 5  Percentage reading error compared to Magflow along the horizontal 

pipe from tee at 2.7 L/s, a) Reflection configuration b) Diagonal 
configuration.  

 

Similar to the CFD results, pump 1 readings are more accurate than that of pump 2 and the 
difference tends to disappear when USM is moved along the horizontal pipe. The worst results 
are found for pump 2 at 2D downstream. The installation orientation is confirmed to have a 
significant effect on the readings in both reflection and diagonal configurations. Readings 
become less dependent on the orientation angle as the number of pipe diameter increases, which 
implies a more symmetrical velocity profile is expected. In addition, an improvement of 
accuracy (~+40% to -30% for diagonal, ~1% to -18% for reflection) when the number of USM 
paths increases, which is consistent with the literature (Ruppel and Peters 2014) and 
manufacturer's recommendations.  

 
Figure 6  Percentage reading error to Magflow for full span installation 

orientations at 2D, 2.7 L/s a) Reflection configuration, pump 1 v.s. 
pump 2, b) Pump 2, Reflection v.s. Diagonal configurations.  
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A clear periodic nature can be observed in both configurations when the installation orientation 
is varied, proving that the disturbed flow profile is likely to be approximately symmetrical at 
90° (off the plane of pipework). As the measuring principle of a transient time USM is based 
on the proportionality of the measured time interval and averaged velocity (Stoker 2011), a 
positive measurement can be caused by an unusually large transient time difference. In an 
example of 180° in figure 4, the ultrasonic signal is first speeded up by the disturbed profile 
when it travels downstream and then slowed down traveling upstream. The large time 
difference thus leads to a positive value at 180° in figure 6 (b). 
 
4. Conclusions and Future Work 
 
The reading of USM is found to be influenced by the shape of the velocity profile that the 
ultrasonic path travels through. Both CFD modeling and experimental results confirm that the 
USM becomes more accurate further away from a flow disturbance source. USM installation 
orientation significantly affects the accuracy particularly when it is installed close to the tee. 
Accuracy can be significantly improved with more ultrasonic paths.  
 
A better understanding of the relationship between flow profile and reading error is necessary 
to fully explain the periodic nature of orientation effects. A reliable CFD-based calculation 
method needs to be further investigated to make CFD an effective tool in USM performance 
prediction. Results from an upcoming field USM trial in an existing pump station will extend 
the understanding of USM behaviors, considering non-ideal factors such as pipe aging and 
water quality, and the data collected will be useful for possible future CEED projects.   
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Abstract 

 
The Water Corporation has recently approved and is currently implementing a new Asset 
Class Strategy with the objective of ensuring all assets, in particular, Wastewater Pump 
Stations across WA are safe, reliable, compliant and cost-effective.  A previous study 
manually developed performance-based reliability measures through an amalgamation of 
ad-hoc processes.  However, this method is laborious, slow and unrepeatable.  The aim of 
this study is to develop a semi-automated process for generating these measures for all 
operational pump stations.  This study presents a fresh approach to the acquisition, 
processing and visualisation of data stored in various databases within the corporation.  
The outcome of this study is to develop an intuitive Power BI interface accessible by Water 
Corporation personnel regardless of their technical background.  The user-friendly 
graphical interface acts as a decision support tool for further investment and maintenance 
decisions undertaken by the Water Corporation. 

 
1. Introduction 
 
The Water Corporation is the principal supplier of water, wastewater and drainage services to 
over 2 million people throughout Western Australia.  The corporation owns and operates over 
1,000 wastewater pump stations (WWPSs).  These pump stations have 10,000 unique 
configurations and have to be all covered by the corporations Asset Class Strategy.  The 
objective of the Asset Class Strategy is to ensure the safety, reliability, compliance and cost 
effectiveness of all assets relating to the function of the pump station facility (Water 
Corporation, 2017a).   
 
From 2006 to 2018, over 28,000 work orders were raised against WWPSs in the corporation’s 
asset management database (SAP).  The entries range from failures of critical components, such 
as pumps and motors, to scheduled preventative maintenance tasks.  These datapoints provide 
an insight into the health of operational assets, from which reliability performance measures 
(time between failures, total downtime etc.) can be developed.  These measures are important 
as they enable personnel to reach informed, data driven conclusions.  Asset Management and 
Operations Support Software (AMOSS) database records high level information such as the 
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make of pumps, switchboards and alarm systems installed at each WWPS in the field.  This 
database is utilised to filter the reliability performance measures by component make. 
Additional knowledge of its asset base allows the corporation to maximise its utilisation of 
current assets before investing in new assets, quantitively determine the economic value of the 
various maintenance strategies currently in place and identify areas for improvement to the 
asset management process for WWPSs to maximise operational lifetime of its unique assets.  
For example, during the design of a new pump station, a reliability engineer is able to 
recommend a suitable component by analysing and comparing the performance of operational 
components.  Planners are able to utilise the data to determine suitable maintenance intervals. 
 
Traditionally, to determine performance measures, an individual needs to invest a considerable 
amount of their time to undertake the laborious data collection, cleaning and processing.  Each 
individual makes assumptions throughout the process, effectively resulting in a series of ad-hoc 
processes that vary greatly based upon the individual’s background.  For example, the previous 
process involved the creation of a list of all functional locations by component make, often 
based on hearsay knowledge.  As such, the potential for unexplained variances in the reliability 
performance measures generated increases.  Due to the large number of data points, mistakes 
in data processing or calculations are common.  As a result, decision-making personnel lack 
confidence in the performance measures generated.   
 
The objective of this study is to improve the asset management process by developing a semi-
automated process by which reliability performance measures are generated.  This was achieved 
through the creation of a ‘data pipeline’, as illustrated in Figure 1.  Data from AMOSS and SAP 
are the inputs into the pipeline which processes and simulates the data based on assumptions 
regarding data quality.  Data quality was defined in terms of data readiness bands, as set out by 
Lawrence (2017). 
 

 
 
Figure 1  Data Pipeline 

 
The focus of the study are WWPSs, in particular the following components: Power Supply, 
Switchboard, Level Sensor, Pump, Motor, Motor Starter, Pipe and Alarm System.  The scope 
was narrowed to the most popular component makes as determined by Low (2018).  Figure 2 
illustrates a reliability model of components within a WWPS.  The scope of the study was 
initially limited to Type 40 Pump Stations in the Perth Region.  This limitation was later 
overcome by leveraging the AMOSS database to classify the type of WWPS. 
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Figure 2  WWPS Reliability Block Diagram 

 
2. Process 
 
To aid the development of the data pipeline, a Python script was developed.  The code’s purpose 
is to automate the collection, processing and clean-up of the relevant data.  Figure 2 illustrates 
detailed data flow within the pipeline, where the Python code acts as an intermediary between 
the blocks.   
 

 
 
Figure 3  Detailed Data Flow 

 
2.1 Data Acqusition and Data Cleaning 
 
The first step is acquiring, merging and cleaning maintenance data from SAP and AMOSS 
databases.  For example, each maintenance work order in SAP contains the functional location 
of the component, the type of maintenance activity (corrective or preventative), the time the 
work order is raised and how long it took maintenance personnel to fix the issue.  Functional 
location of each asset (common identifier in both databases) was utilised to merge the two 
databases.  This allows for maintenance work orders to be identifiable by component make.  
For example, all maintenance work orders relating to a Flygt motor can be filtered and reliabilty 
analysis undertaken. 
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However, the extracted data from SAP and AMOSS needed to be cleaned and refined for 
processing and further calculations.  Several assumptions, such as minimum duration to 
minimum cost, were applied to remove data deemed unsatisfactory.  Further, there were 
multiple instances where data in SAP was recorded incorrectly by maintenance personnel.  
These instances ranged from ommiting key fields to raising work orders against the component 
functional location instead of the pump station.  Data entries with missing fields were ommitted, 
however, The ‘Superior FL’ data field in SAP was utilised to raise all component functional 
locations to their respective pump station. 
 
2.2 Data Processing 
 
The aim is to obtain time between failure values for each component across all pump stations.  
The calculation of the time values and discernment of the type of event (i.e. failure or 
suspension) is crucial for Weibull analysis and monte-carlo simulations.  Reliability analysis 
via Availability Workbench can be undertaken on each component within the WWPS.   
 
To achieve this, the Python code groups all events by pump station functional location.  The 
data is then further sorted in ascending order based on the ‘Start Date Time’ associated with 
each work order.  This sets up a clear timeline of events associated with each pump station and 
is utilised to calculate the time between failure value.  ‘Maintenance Activity Type’ column is 
used to determine the nature of event, with failures denoted as ‘F’ and suspensions as ‘S’.  ‘Start 
Up’ column is utilised to determine the age of the pump station and thus the time between 
failure associated with the first event for each pump station.  Additionally, the WC records 
failure tasks in the ‘PM Operator Task’ column.  Since each of these task codes correspond to 
a particular component, the code creates a data frame for each component based upon the task 
code.  However, preventative maintenance activities (suspensions) are raised as a Generic Work 
Instructions.  As such, the code creates another data frame, this time using the ‘Document’ 
column and then concatenates the two data frames to form a list of all events related to each 
component.  Further, a data frame for each make (flygt pump, forrers pump etc.) is created.  
The Time Between Failures are then calculated for each component make and reliability 
analysis undertaken.   
 
2.3 Data Visualisation 
 
A Graphical User Interface (GUI) allows users to interact with a computer via graphical icons.  
The end product of this project is a Power BI GUI that displays reliability performance 
measures for each WWPS configuration.  This is advantageous to the end user as this approach 
doesn’t require prior technical knowledge of the code and acts as a launchpad to the code.  
Wang and Tan (2006), outline six primary principles to be used as guidelines for developing 
GUIs for modern industrial automation software: 

1. User Familiarity – an effective UI needs to provide its users with minimal constraints 
as they manipulate the interface. 

2. Consistency – high UI consistency is beneficial as it results in an increase in 
productivity of the end user. Skills learnt in one operation can be easily applied to 
another. 

3. Minimal Surprise – comparable operations should have comparable results to avoid 
unnecessary frustration for the end user. 

4. Recoverability – the UI must possess some fault-tolerance capability. 
5. User Guidance – a well design help system is necessary for first time users. 
6. User Diversity – UI should be able to cater to a diverse user base. 
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3. Preliminary Results 
 
Key performance measures such as Time Between Failures, Total Down Time, Mean 
Unavailabilty etc. were represented via Power BI.  Figure 4 illustrates the data visualisation 
hierarchy implemented within Power BI.   
 

 
 
Figure 4  Data Visualisation Hierarchy 

 
Zoom Level 1 represents an overview of all operational WWPSs owned by the corporation.  
The end user is able to access this overview via a map of WA or by utilising a time scale slider 
as shown in Figure 5.  The user is able to utilise the drillthrough feature within Power BI to 
reach Zoom Level 2 for the selected pump station, with each circle representing a pump station.  
 

Figure 5  Zoom Level 1 (Map Overview and Time Slider) 
 
Zoom Level 2, as shown in Figure 6, illustrates some performance measures at the Pump Station 
level.  Further information such as, failed component, type of maintenance activity, mean 
downtime and more are also illustrated in Power BI.  Future performance of each WWPS 
configuration is generated via monte-carlo simulation in Availability Workbench.  For 
example, reliability measures such as total number of outages, total downtime and mean time 
to first outage are generated.   
 

 
 

Figure 6  Pump Station Overview 
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Zoom Level 3 displays specific reliability performance measures by the component make.  For 
example, the reliability rate over time (hours) of a level sensor can be displayed.  Failure rate, 
total downtime, unreliability etc. are further performance measures displayed via Power BI for 
each specific component make.  Comparisons of predicted component performance can also be 
made. 
 
4. Conclusions and Future Work 
 
The structured approach set out by the data pipeline and the code ensures the results are 
repeatable.  The documentation in the code enable the results to be checked for accuracy.  The 
Power BI interface is user friendly, allowing personnel to utilise the tool without needing to 
know the details of the code at the backend.  Further work to be undertaken revolves around 
increasing the level of automation within the pipeline.  For example, since Availability 
Workbench is a closed source software, automating the import and export of data has not yet 
been achieved.  However, this does allow the reliability engineer to undertake discretionary 
changes regarding any component, thus enhancing the functionality and flexibility of the 
pipeline.  Another area of improvement is the interface between the code and SAP/AMOSS 
databases.  Currently, the user needs to manually download the databases as .csv files.  Future 
work will eliminate this manual process by interfacing the database backend and the Python 
code via Structured Query Language.   
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Abstract 

 
 Advanced Facultative Ponds or “Smart” Ponds are wastewater stabilisation ponds that 
combine the advantages of facultative and anaerobic ponds. Incomplete understanding of 
sludge deposition, accumulation patterns and the effect of pond hydraulics on sludge 
accumulation, means sludge management in smart ponds can be improved. The objective 
of this project is to enhance understanding of the various factors affecting sludge 
accumulation rates and patterns, enabling analysis of the problems hindering online 
desludging of smart ponds and identification of the actions needed to resolve them. From 
a series of site inspections and experiments, it was found that the poor flow characteristics 
of settled anaerobic sludge and the pond hydraulics may be the reasons for difficulties in 
desludging rather than the suspected phenomenon of rat-holing. CFD modelling is being 
undertaken to improve understanding of the pond hydraulics. The modelling results will 
guide recommendations for improving the efficiency of sludge management in smart ponds. 

 
1. Introduction 
 
Advanced facultative ponds or smart ponds are wastewater stabilisation ponds that consist of a 
conventional facultative pond with a deeper anaerobic pit engineered to its bottom. These ponds 
facilitate aerobic and anaerobic digestion in a single system, eliminating the need for separate 
systems, and thereby saving land area. The influent wastewater is fed into the bottom anaerobic 
pit, which are designed taking into consideration the solids sedimentation rates and the digestion 
rates, to ensure that only the non-organic component of the raw influent settles down in the pit. 
The settled solids and anaerobic bacteria are constantly disturbed by the evolution of biogas 
bubbles, causing a rise and fall of solids within the pit. This creates an anaerobic layer through 
which wastewater has to flow. The gases produced from anaerobic digestion are oxidised in the 
upper aerobic section, avoiding odour problems. The depth of the anaerobic pits eliminates any 
chance of oxygen inhibiting the fermentation process. As a result, smart ponds facilitate 
methane fermentation more efficiently than simple facultative ponds (Green, et al., 1996). 
 
1.1 Previous Investigation in Smart Ponds 
 
A smart pond (Pond A) in the southwest of Western Australia was chosen as the primary study 
site. The smart pond is the primary treatment system of the Wastewater Treatment Plant 
(WWTP), with a total treatment capacity of approximately 13,300 m3. The design depth of the 
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pond is 7 m, with 5 m for the anaerobic section and 2 m for the facultative section. The design 
influent velocity of the pond is around 0.6-1 m/s. The inlet and sludge withdrawal pipes are 
positioned at the bottom of the pond. The pipe configuration is shown in Figure 1. Desludging 
attempts at Pond A have led to the withdrawal of diluted sludge which was far from the expected 
thick consistency of digested sludge. Suspecting that inlet 1 might be disrupting the flow of 
sludge during desludging, inlet 1 was shut for a short period. The pond was desludged after a 
few months, but there was no significant change in the flow.   
 

 
 
Figure 1  Inlet pipes (white) and sludge withdrawal (black) pipe configuration 

at a height of 0.5m from bottom of the smart pond (Water 
Corporation, 2017). 

 
Two other smart ponds (B and C) of different pipe configurations and geometry, in the north 
west of Western Australia were also assessed, to understand the effect of inlet and sludge pipe 
positions on efficiency of sludge withdrawal and flow patterns. Successful desludging has been 
recorded at Pond B. The overall objectives of this study are to analyse the different bio-
physiochemical factors affecting sludge settling rates and patterns, investigate the occurrence 
of rat-holing and assess the pond hydraulics through detailed CFD modelling to suggest 
reccomendations for efficient sludge management. 
 
2. Methods 
 
2.1 Sludge Profiling 
  
To quantify the sludge present in the pond and determine its spatial distribution, sonar profiling 
was done using a remote-control boat developed by UWA in collaboration with Water 
Corporation. The boat was operated at a low constant speed of 2-4 km/hr (Coggins, et al., 2017). 
Care was taken to turn off the aerators at least half an hour prior to the profiling, to ensure 
dissipation of air/gas bubbles in the water column that may affect the results. Sludge profiling 
using a sludge judge was carried out to validate the sonar profiling data, and identify any 
stratification in sludge layers, or variations in turbidity and concentrations in the water column. 
The high-resolution bathymetric data obtained from sonar profiling was plotted using the 
Sludge Pro software. Since Sludge Pro does not take into account the unique geometry of smart 
ponds, volume corrections were added wherever necessary to obtain the actual sludge volumes.  
 
2.3 Sampling and Anaysis 
  
Wastewater samples from the inlet, outlet and various points in the pond were analysed to 
determine Chemical Oxygen Demand (COD), Total Nitrogen (TN), pH and Suspended Solids 

Inlet 1 

Inlet 2 
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(SS). The removal efficiency of each parameter was determined and compared with previous 
reports to identify any variations in the trend. While the sludge judge test was carried out, sludge 
samples from seven sampling points (see Figure 2) of the pond were also collected and tested 
for percentage total solids. The dissolved oxygen (DO) and  Oxygen Reduction Potential (ORP) 
were also measured at various depths to identify anaerobic conditions or dead zones. 
 

 
 

Figure 2  Sludge samples collected from six sampling points. 
 
2.4     Temperature Profiling 
 
To identify any stratification peculiarities in the pond and obtain spatial data to calibrate the 3D 
model, temperature profiling was carried out along the depth of the pond. This was done using 
the YSI 5239 Dissolved Oxygen probe to monitor the temperature. The probe was initially 
suspended at 7m (at centre of the pond) and pulled back by 1m, to log the temperature at each 
1m interval. The sludge withdrawal pipe was flushed for 5 minutes and the temperature of the 
discharge was measured. The ambient temperature was also recorded.  

 
2.5     Modelling 
 
To attain a deeper understanding of the pond hydraulics on sludge settling patterns, the data 
collected from site were input into the CFD software Flow 3D, to generate a 3D hydrodynamic 
model. Flow 3D was chosen as it has an inbuilt sludge settling model which will help ascertain 
the effect of flow dynamics on sludge settling rates. The 3D model still needs to be calibrated 
in order to achieve reliable results.  
 
3. Results and Discussion 
3.1 Sludge Profiling  
 
The bathymetric data collected by the sonar boat were plotted to produce a sludge profile of the 
pond. Since the Sludge Pro software does not take into account the geometry of the pond, 
volume corrections were made where necessary, to give the actual sludge and water volume of 
the pond. From the results of sonar profiling (see Figure 3) it was determined that about 22 
percent (Table 1) of the pond was filled with sludge, which is about 2785m3 of sludge. 
Assuming a sludge accumulation rate of 0.04m3/person/year (Mara, 2004) and an average 
regional population of 6000 (Australian Bureau of Statistics, 2016), approximately 240 m3 of 
sludge is expected to accumulate each year. As the pond has not been desludged since it was 
put into operation, multiplying by the years of operation (12) yields an expected total sludge 
volume in the pond of 2800 m3, which compares well with the measured volume of 2783 m3.  
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Figure 3  (a) 2D and (b) 3D contour plots of water depth (depth from water 
surface till top of sludge) in the profiled Smart pond A. The colour 
scales indicate the water depth from the surface in metres. 

 
Depth (m) Total Volume 

(m3) 
Water Volume 

(m3) 
Sludge Volume 

(m3) 
Sludge Infill 

(%) 
7 12,448.34 9665 2783.34 22.36 

 
Table 1  Corrected total, water and sludge volumes from the volume results 

computed by Sludge Pro Software 
 

  
(i)                                                             (ii) 

Figure 4  Contour plots of Sludge distribution in Smart pond (i) pond B and 
(ii) pond C 

 
In Figure 3 it is evident that a significant quantity of the sludge lies in the facultative portion of 
pond A, with greater accumulation at the corners. The sludge accumulation in the anaerobic pit 
was lower than expected, especially at the bottom near the inlet and sludge withdrawal pipes, 
with a sludge height of only 0.5-0.7m. Pond B and Pond C (Figure 4) show similar patterns, 
with sludge infill of 38% and 25% respectively. Comparing the sludge profiles with the pipe 
configurations, a ‘no to little sludge zone’ was observed around the inlets, contradicting the 
idea that most settling occurs near the pipe. This can be attributed to the pond hydraulics being 
affected by the pipe configuration, which can be further investigated through CFD modelling.  
 

(a) (b) 
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3.2 On- Pond Sampling on Pond A 
 
COD, TN, TP and SS concentrations in the influent and effluent samples were fairly consistent 
with previous analysis records and no peculiarities were observed. Table 2 shows the %TS of 
the seven sludge samples collected from the pond. It can be observed that the total solids content 
from all the sampling points fell within 1.2-3%. A higher solids content was observed for the 
sludge samples retreived from the SW corner of the bench (sampling point 4), SE Corner of 
pond (sampling point 2) and NW corner of the pond (sampling point 7). The sludge samples 
were highly viscous and odorous. The DO readings by these sampling points were nearly zero 
with highly negative ORP values, indicating anaerobic digestion. Stratification of sludge was 
also observed in the sludge judge column at sampling point 6, where the top suspended sludge 
layer was fluffy in appearance while the bottom settled sludge layer was thick and highly 
viscous. Considering that the solids content of the sludge retrieved from the bench regions to 
be greater than 2%, the settled sludge in the deeper sections of the pond may be highly anaerobic 
with high solids content and poor flow characteristics. Sewage sludge with a solids content of 
2-8% is generally viscous and anaerobic in nature, and could impose problems while 
desludging, as illustrated in Figure 5 (Watson, 1999).  
 

Sampling Point %TS 
1 1.7 
2 2.1 
3 1.5 
4 2.6 
5 1.73 

6 (top suspended layer) 1.22 
6 (bottom settled layer) 1.9 

7 2.9 
 

Table 2  Corrected total, water and sludge volumes from the volume results 
computed by Sludge Pro Software 

 
Figure 5  Typical Sludge Draw-Off Problems from Anaerobic Ponds 

(Watson, 1999) 
 
3.3 Temperature Profiling 
 
The temperature profiles of all three ponds showed a similar trend. The temperature decreased 
gradually over the first 1m and was fairly stable over the next 2-3m. The temperature increased 
slightly towards the bottom of the pond. This increase in the temperature could be a result of 
the probe coming in contact with the sludge layer at the bottom of the pond. In Pond A, the 
mouth of the sludge withdrawal pipe lies in the ‘no to little sludge zone’ near both inlets. This 
fact coupled with the highly viscous nature of the sludge could potentially be the reason for no 
solids being drawn out via the sludge pipe. This could also mean that there may not be any rat-
holing occurring when flushing the sludge pipe, and it could be just the supernatant wastewater 
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being drawn out of the sludge pipe. In short, the problem hindering desludging in pond A may 
not be ratholing but the highly viscous nature of the sludge.  In contrast, the sludge pipe of Pond 
B is placed outside the ‘no to little sludge zone’, which could possibly be the reason why 
desludging pond B has been successful. 
 
4. Conclusions and Future Work 
 
Sonar sludge profiling in smart pond has revealed uneven deposition of sludge within the pond, 
with a larger quantity of sludge accumulating in the facultative portion. The difficulties 
encountered in desludging Pond A could potentially be due to the lack of sufficient transport 
momentum to draw out the highly viscous sludge. To study the effect of inlet 1 on sludge 
accumulation in Pond A, inlet 2 was turned off on the 9th of August, for a period of 4 months. 
The sludge withdrawal pipe will be opened after this period to see if there are any significant 
changes in the discharge. The transportation of sludge from the deep pit to the facultative 
portion is facilitated by the pond hydraulics. This will be further studied by detailed CFD 
modelling using Flow 3D. A 2D model using Mike 21 will also be built to compare and validate 
the flow results from both models. Methods to prevent transportation of sludge from the lower 
pit to the upper facultative portion, such as, the provision of a suitable nylon mesh at the top of 
the anaerobic pit, could be a potential area for future research.  
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Abstract 

 
Produced water can be a significant by-product from oil and gas operations with potential 
impacts to the environment if not appropriately managed. This study wishes to explore the 
use of remote sensing, specifically UV sensors, as a new method of measuring produced 
water plume concentrations. The main objectives were to derive Total Petroleum 
Hydrocarbons (TPH) concentrations from the sheen intensity of produced water samples 
and evaluate the effect of different variables on sheen formation. A factorial experimental 
design of different levels of condensate added, mixing rate, mixing duration and salinity 
was carried out. Sheens were recorded using the PCO UV camera and analysed using 
ImageJ. Corresponding TPH concentrations of samples were measured using ERAcheck 
Pro. Mixing rate was found to have the most effect on sheen formation, with mixing 
intensity having a lesser effect, and salinity having a negligible effect. Tests indicate a limit 
of detection between 1.885 mg/L and 18.85 mg/L, and the ability to derive TPH from 
varying grades of sheen intensity. Recommendations include improving experimental 
approaches to reduce error, considering other factors in a factorial design, and carrying 
out supporting field tests and models. 

 
1. Introduction 
 
1.1 Background 
 
Produced water is derived from fresh or brine water that has been trapped with oil and gas 
formations within a reservoir of porous sedimentary rock between layers of impermeable rock 
(Lee 2011). Produced water may contain salts, heavy metals, hydrocarbon constituents and/or 
radioisotopes, and according to Lee 2011 represents around 80% of the volume of waste 
produced from oil and gas operations internationally. Due to the large volumes and potential 
for environmental toxicity of its composition, managing and monitoring produced water is 
important to help manage water impacts. Current methods for monitoring produced water 
include end of pipe sampling, followed by modelling of the plume dynamics to estimate the 
dilution at the compliance radius (Nedwed et al. 2004). This study wishes to explore the use of 
remote sensors to measure the extent and concentration of the produced water plumes from 
their ocean surface expression.  
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1.2 Literature review 
 
Figure 1 shows the different phases of oil in water. E&OCL (2003) describes oil concentration 
to be present in water in dispersed concentrations, as immiscible droplets suspended in the water 
column, and in dissolved concentrations, as the soluble amounts of oil in the water.   

 
 

Figure 1  Theorized oil components in water 
 
E&OCL (2003) describes sheen formation from produced water plumes to be the result of the 
dynamics of the dispersed and aqueous concentrations.  Aman et al. (2015) describes droplet 
sizes and notes that oil break up is due to turbulence and shear effects on the droplet. Replicating 
field mixing conditions is important for lab tests. Solid amounts are also known to stabilize 
emulsifications and increase dispersed concentrations (E&OCL 2003). Finally, E&OCL (2003) 
relates the interaction between dissolved concentrations and sheen formation to solubility. This 
can be a function of temperature, where decreased temperatures from the treatment stage to the 
discharged state can cause oil to leave the dissolved state.  
 
1.3   Objectives 
 
The objectives of this project were: 1) to find the limit of detection or the TPH concentration at 
which a sheen is first detectable, 2) to further correlate sheen intensity and TPH concentration 
to show the possibility of deriving concentrations from grades of sheen intensities, and 3) to 
examine the effects of factors that may affect sheen formation, including mixing rate, mixing 
duration and salinity. 
 
2. Process 
 
2.1   Factorial Design 
 
The experiment uses a factorial design for observing the effect of multiple variables on sheen 
presence. The variables being changed, and all testing conditions are shown in Table 1. 

 
Condensate Added Mixing Rate Mixing Duration Salinity 
1uL (1.8835mg/L) Low (1500rpm) Short (1 min) Distilled Water 
10uL (18.835mg/L) High (3500rpm) Long (10 min) Filtered Seawater 
30uL (56.505mg/L)    

 
Table 1  The factorial design set up, with the factors of condensate added, 

mixing intensity, mixing duration and salinity, each with 2 or 3 
levels. The full design consists of all combination of factors and 
levels with 24 experimental conditions in total. 
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2.2  Measuring Sheen Intensity 
 
For the purposes of this study, a sheen refers to any type of water surface expression of 
hydrocarbons, whether it is a homogenous film of oil on the surface of water, dispersed droplets 
of oil that sit on the surface of water, or anything in between. During preliminary tests, the 
sheen revealed itself as dispersed droplets of oil that sit on the surface of water, which was 
further shown to be quantifiable by the amount of light reflected by the sheen multiplied by the 
total surface area the sheen took up. This was termed the sheen intensity 

 
Samples were mixed under different experimental conditions, then the surface expression of 
the sample was recorded using PCO UV camera. The target wavelength of the camera was 250-
385 nm, achieved with the attachment of a shortpass filter. The samples were observed under a 
365 nm 30 W UV flood light, from a 70-degree angle down from the vertical, with external 
lighting isolated using curtains over the fume hood. Six sheets of baking paper were used to 
diffuse the light from the light source to reproduce a similar effect of ambient lighting, 
analogous to the dispersed light experienced in real world / field conditions. 30 repeat pictures 
were taken per sample to reduce the error due to fluctuating light conditions of the light source. 
The pictures were processed and analysed using ImageJ (Figure 2).  To calculate the area 
percentage taken up by the sheen, the images are were processed through multiple steps: 

1. Flat field correction: To remove the underlying “spotlight effect”/light gradient  
2. Thresholding: To define an intensity threshold that separates the sheen from water 
3. Particle area calculations: To calculate the percentage area taken up by the sheen 

 

 
 
Figure 2  ImageJ processing of images to find sheen area of samples 

 
2.3 Measuring TPH Concentrations 
 
For the experimental design, 400 mL samples of mixed oil (a condensate) and water were 
divided into a bottom 200 mL half and a top 200 mL half. The bottom extract is to represent 
the TPH concentration in the mixed fraction. The top extract is to be used with the bottom 
extract to determine the total mass of condensate left in the sample and estimate volatile losses. 
The extraction procedure starts after the preparation of samples, and UV Imaging. The sample 
was then funnelled into a separator vessel. The bottom and top 200 mL was poured out into 
separate 500 mL Schott bottles, 15 mL of cyclohexane is poured in each, then shaken together 
for 5 minutes. When pouring the cyclohexane in, the sides of the separator vessel were rinsed 
and put into the Schott bottle for the top extract. The same was done with the sample beaker 
where mixing occurs. The cyclohexane was left to settle from the water, 12 mL is extracted 
from the top layer of cyclohexane into a 15 mL glass vial.  
 
The Absorbance (mAU), oil in solvent (mg/L) and oil in water (mg/L) concentrations of each 
sample were measured using ERA-Check, after calibration. Measurements were done from 
lowest concentrations to highest concentrations to prevent cross-contamination.  
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2.4 Statistical Analysis 
 
Software Minitab 18 and 19 was used to carry out the statistical analysis for this study.  Factorial 
Regression analysis was used to determine standardised effects of each factor on sheen 
detectability (in terms of Relative Average Intensity) and TPH concentration. For sheen 
intensity, all main effects (amount of condensate added, mixing intensity, mixing duration and 
salinity alone) were considered, while only the interaction between mixing duration and mixing 
intensity on sheen detectability were considered. For TPH concentration only the effects of 
condensate added, mixing intensity, mixing duration were examined. A one-way ANOVA was 
used to test for statistical difference between added condensate values.  
 
3. Results and Discussion 
 
3.1 Standard Effects of Factors that affect sheen formation 
 
The standardised effects of each factor are further exemplified in the Pareto Chart of 
Standardised effects (Figure 3), with only condensate added and mixing duration crossing the 
reference line (α = 0.05). Condensate Added was shown to increase sheen detectability with 
increasing amounts added, with significant effect (p = 0).  Mixing Duration was shown to 
decrease sheen detectability with increasing duration, with significant effect (p = 0.021). Both 
Mixing rate (p = 0.495) and Salinity (p = 0.33) were shown to not have a significant effect on 
sheen detectability. There was also no significant interaction between mixing rate and mixing 
duration (p = 0.694). 
 

 
 

Figure 3  Pareto Chart of Standardized effects for Condensate added (mg/L), 
Mixing Rate (rpm), Mixing Duration (min) and Salinity. Reference 
line for statistical significance (α = 0.05) is 2.120. 

 
3.2 Volatized fractions analysis from TPH measurements 
 
TPH analysis of volatised fractions reveal an error in the experimental design, leading to 
volatile losses not being able to be ascertained. The standardized effects of condensate added, 
mixing rate and mixing duration are shown in the Pareto Chart of Standardised effects (Figure 
4), with only condensate added crossing the reference line (𝛼𝛼 = 0.05). Condensate added effects 
the results by a larger magnitude than expected, suggesting this may be due to error in 
condensate residue left on glassware walls. This error may be overshadowing the effects of the 
other factors, leading to apparent negligible effects. 
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Figure 4  Pareto Chart of Standardized effects for Condensate added (mg/L), 
Mixing Rate (rpm), Mixing Duration (min), for the TPH 
concentration in the Volatilized Fraction. Reference line for 
statistical significance (α = 0.05) is 3.18. 

 
3.3 Significant Difference – Assessing the ability to extrapolate TPH 

concentrations from sheen intensity 
 
Since volatile losses could not be ascertained, assessing the ability to extrapolate TPH 
concentrations from sheen intensities was done based on amount of condensate added, with 
negligible volatilisation assumed. A one-way ANOVA Tukey’s analysis was carried out on the 
different condensate levels. Figure 5 shows the results with a, b, and c representing separate 
statistical groupings. A significant difference from the control (0 mg/L) was found for 18.835 
mg/L and 56.505 mg/L of condensate added, as well between each other, under varying 
experimental conditions. There was no significant difference from 0mg/L is apparent for 1.8835 
mg/L. Thus, the limit of detection sits between 1.8835 mg/L and 18.835 mg/L, under most 
conditions. This also shows that different grades of TPH concentrations can be interpolated 
from different grades of sheen intensity. However, it remains that volatile losses must be 
ascertained to validate these findings.  
  

 
 

Figure 5  Box plot of Relative Average Intensity for Condensate added 
(mg/L) at different amounts. Statistical grouping using ANOVA 
Tukey’s method using a, b, and c. 
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4. Conclusions and Future Work 
 
Mixing rate was found to have the most effect on sheen formation, with mixing intensity having 
a lesser effect, and salinity having a negligible effect. Tests indicate a limit of detection within 
a range of 1.885 mg/L and 18.85 mg/L, and the ability to extrapolate TPH from varying grades 
of sheen intensity. However due to an error of condensate residue on glassware walls not 
sufficiently dissolving into solvent, volatile losses could not be ascertained. The findings are 
thus made based on total amount of condensate added and, on an assumption, that volatile losses 
are negligible.  
 
Recommendations of this study include: 1) Finding experimental approaches to fully capture 
condensate amounts in measured TPH concentrations or mitigating volatile losses completely. 
2) Other factors can be considered in a factorial design to comprehensively identify which 
factors play a significant part in sheen formation. 3) Further replicates and data points can be 
used to create curves of different experimental conditions for interpolating TPH concentrations. 
4) Field scale monitoring coupled with sampling and analysis, to measure TPH concentrations 
and evaluate sheen applying the methods developed through this research at broader scale. 5) 
Sample recovery and analysis (of both TPH, sheen and droplet size) closer to the location and 
time of produced water generation to measure more representative fluid conditions generated 
through oil and gas processes. 
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Abstract 
 

Calcareous deposits are a well-known phenomenon and a large percentage of subsea 
assets experience them. It is a recent and important issue on the North West Shelf, where 
deposits cause issues for operability, reliability and functionality. The primary objective of 
the project is to develop two models that will predict if a problematic deposit will form and 
the deposit’s composition. A secondary objective is to develop a testing strategy to refine 
these models and enhance the understanding of the deposit’s growth mechanisms. The 
strategy would be implemented after this project. The models will be developed using data 
from previous studies, available data and new testing. The objective is that they will identify 
and optimise subsea intervention to reduce the impact of deposits on subsea assets.  

 
1. Introduction 
Chevron Australia is a natural gas operator which is responsible for operating Gorgon and 
Wheatstone LNG and domestic gas projects. It is also the operator for Australia’s largest 
onshore oilfield on Barrow Island. The majority of this production is from subsea wells which 
are 150 metres to 1500 metres below sea level. At these depths, Chevron’s aim is that there is 
as little unplanned intervention as possible. This is due to the large costs of the vessels required 
for a maintenance campaign.  
 
Calcareous deposits play a detrimental role during intervention in that they can inhibit the 
movement of the desired subsea interface causing issues for operability, retrieval and integrity. 
These deposits can generally be overcome through mechanical cleaning and/or acid washes 
however, these remediation methods have limitations.  
 
The inability to remove calcareous deposits from the subsea interface can lead to more severe 
monetary consequences to Chevron, if knowledge of their characteristics are not improved. 
Calcareous deposits are a scale that develops on metal exposed to seawater. This is due to the 
cathodic protection provided on the structure to protect it from corrosion.  
 
These issues generate large monetary fees due to the extended intervention time by the Vessel 
to clean and access the subsea interface. Further this can also result in the loss of production 
through the time associated for deposit removal/access or change-out of the critical component. 
Historically industry has had a reactive approach to dealing with deposits, but due to increased 
formation rates and issues associated this is no longer acceptable.  



CEED Seminar Proceedings 2019  Bell: Calcareous Deposit Study 

 26 

 
Calcareous deposits occur all around the world, however their growth appears to be accelerated 
in the North West Shelf (NWS) where Chevron and numerous others are operating. The 
accelerated growth means there are more issues associated with deposits, occurring more 
frequently, and more severely than anywhere else in the world.  
 
The primary objective of this project is the development of a set of models that can estimate 
the formation composition and estimate the formation likelihood based on environmental 
conditions. The likelihood model is an initial stage model that will be developed in further 
studies into a model capable of predicting formation rate. Once the models are developed, they 
will assist in intervention planning and effectiveness. A secondary objective is the development 
of a testing strategy for the formation of deposits in crevices. This is a critical step in the 
understanding of the deposit nature, as most academic knowledge is based off flat surface 
formation and is not reflective of what is being experienced in industry.  
 
1.1 Background 
Calcareous deposits occur due to the cathodic protection implemented on subsea structures to 
protect them from the corrosive nature of the ocean. Deposits consist of calcium carbonate and 
magnesium hydroxide, which have electrically resistant properties, and due to this are 
incorporated in cathodic protection calculations, which count on the growth to extend the life 
of the protection system and subsequently the asset.  
 
The growth mechanism begins to develop as soon as the asset comes immersed in seawater and 
the cathodic protection system is activated. Installing a structure requires enormous initial 
capital expenditure, and all of Chevron’s current subsea assets require and have cathodic 
protection installed. As the root cause of the deposit cannot be eliminated in brownfields 
(currently installed fields) a deeper understanding of the formation characteristics and 
mechanics is needed.  
 
The cathodic protection implemented on the current subsea assets is in the form of sacrificial 
anodes. The anodes are installed directly onto the subsea structures and corrode in place of the 
steel (cathode). When the anode corrodes, it supplies electrons to the cathode via a metallic 
connection. This causes a rise in the alkalinity at the metal-water interface, causing a chemical 
imbalance that brings about the formation of calcium carbonate and magnesium hydroxides on 
the steel. These formations are calcareous deposits. The deposit is initially soft then turns hard 
over time (like a cement), after which removal generally requires mechanical cleaning and/or 
the use of washes. 
 
 

Figure 1  Growth process of calcareous deposits. 
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1.1.1 Factors Affecting Calcareous Deposits 

Potential: The potential is the voltage difference between the anode and the cathode. This is a 
physical property and stays relatively constant even with varying area ratios of cathode and 
anode. The potential at which steel is considered protected is from -950 mV to -1100 mV 
V/SCE (Yang, Scantlebury and Koroleva, 2015). Depending on the potential, the composition 
of the calcareous deposit formed changes (Barchiche et al., 2003). It has been concluded that 
the potential directly affects the interfacial pH generated.  
 
pH: The interfacial pH is controlled by the cathodic protection, and will increase with the 
potential. The reaction rates for the nucleation and growth of calcium carbonate will increase 
correspondingly. (Fischer, Thomason and Eliassen, 1996) 
 
Current Density: Current density (also known as the current protection density) is potential 
(voltage) driven, and is the current that is supplied to the cathode as a result of the cathodic 
protection. The higher the cathodic current the higher the formation rate of the deposit. (Yan, 
White and Griffin, 1993) The current density starts off high at the time of installation, then 
decreases towards a steady state as deposit forms on the cathode. (Yan et al., 1993) 
 
Temperature: Earlier studies indicate that the growth rate of deposits is also likely to be affected 
by the increased temperature of the seawater in the NWS. In one study, the amount of calcareous 
deposit found at 35℃ was approximately 7 times greater than the deposit retrieved at 3.5℃. 
(Caseres, 2013). Temperature does not just affect the deposit directly, it has also been found 
that the lower the temperature, the lower the initial current density. However, the steady state 
current density was found to be higher than at warmer temperatures. (Barchiche et al.,2004)  
 
Salinity: Salinity is a measure of how the amount of dissolved salt is in the seawater. Different 
salts have different effects on the deposition. Sulphates within the seawater slow down the 
deposition of aragonite (a form of calcium carbonate). (Barchiche et al., 2004) The amounts of 
calcium and magnesium present in the seawater affect the likelihood of them precipitating as a 
solid. 
 
Time: Deposit formation and adherence to the structure are both dictated by time of exposure 
(Extrin, 2014). The thickness of the deposit was found to have increased linearly with exposure 
time (Wolfson and Hartt, 1981) 
 
Location of Deposit: The locations where the deposit forms are a focus of the project. It has 
been found that the deposit formed on a flat surface was different to the deposit forming in a 
crevice (Binks, 2003). This is currently theorised to do with the closer proximity of numerous 
hydroxide producing layers raising the pH to a higher alkalinity than would be found on a flat 
surface.  
 
1.2 Summary of Objectives 
The overall contribution of this project to the state of the art includes:  

1. A model for the likely formation composition. 
2. A model for the likelihood of a damaging deposit forming. 
3. A testing strategy to enhance understanding of deposit growth variables 
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2. Modelling 
The initial stage of the modelling was data identification and collection. Brainstorming with 
Chevron Australia staff and other industry experts, identified a list of variables that could 
potentially affect the growth. However, the data available for some of these variables is limited 
(or non-existent), as such the models will be constrained by the availability of data.  

Current subsea assets are not equipped with external environmental measuring devices, all the 
monitors are internal, to monitor the safety and integrity of the flow. Data had to be secured 
from other sources such as ROV (Remote Operated Vehicles) and AUV (Automated 
Underwater Vehicle) campaigns, which are conducted intermittently. Data was also inferred 
from DPR (Daily Progress Reports) which are a recorded history of work done during vessel 
maintenance operations. The variables in the dataset are described in Table 1.  

Data Source 
Potential, Depth, Time, Temperature ROV 
Seawater Density, Time, Salinity, Depth, Temperature AUV 
General observations, Time, Impact of the Deposit, Cleaning Details DPR’s  

 
Table 1  List of data utilised as variables and respective sources. 

Linear statistical models (Fox, 2016) will be fitted to the data. These models predict the 
average value of a variable based on the value of other related variables. The composition 
model will comprise of two separate linear statistical models that will detail the magnitude of 
magnesium hydroxide and calcium carbonate as responses, with the other variables in Table 1 
as explanatory variables. The models are expected to reveal some structure regarding the 
formation of magnesium and calcium deposits.  

2.1 Testing   
It was identified in initial literature review that deposits formed in crevices exhibited different 
physical and chemical properties. As the majority of the issues experienced by the assets due 
to deposits are in tight crevices, it was deemed this is a variable requiring testing.  
 
The test will utilise 2 tanks (one at 4℃ and another at 25℃) to simulate on site conditions for 
two of Chevron’s assets. Each tank will contain 6 samples, 3 being a carbon steel and the other 
3 being a stainless steel to replicate the materials used on a subsea tree. The samples will have 
cuts along the bar of increasing width that will replicate the crevices found on subsea 
components. The samples will be polarised with a DC power source to a potential similar to a 
subsea piece of equipment. Water will be stirred so it is not stagnant and the replenished 
regularly to maintain the bulk pH and water composition.  
 
Testing will be conducted for 2 years, with sample retrieval being 3 months, 1 year and 2 years. 
Once a sample is recovered it will undergo compositional analysis on all the crevices, which 
will give insight into the effects of the crevice characteristics on formation composition and 
rate.   
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3. Results and Discussion 
A60N conducted composition analysis on recovered samples from the field. The composition 
analysis shows that there is a difference between samples and using the data the models can be 
designed and applied to understand why that is the case.  
 

 
 

Figure 2  Deposit composition analysis results.  
 
Analysis of a water sample taken from a North West Shelf (NWS) asset found it to have 
relatively the same composition as water recovered from Hillary’s Boat Harbour in Western 
Australia. It was therefore deemed more practical and cost effective to use the Hillary’s Boat 
Harbour as a water source rather than attempting to obtain NWS water samples for the whole 
test.  
 
4. Conclusions and Future Work 
Chevron’s scope for the project is intended to be over 4 years starting in 2019. The current one-
year project will focus primarily on describing the current understanding of deposit formation.  
 
Future work will include the following; 

1. Update of the formation likelihood model to a formation rate model; 
2. Collection of the results from the testing; 
3. Update of the two models using inputs from the testing; 
4. Construction of a third model that uses inputs from the previous models as well as the 

crevice formation component.  
 
This will allow the model to indicate a risk to a certain component based on the environmental 
conditions and its location on the asset. Further work will need to be done to rank the criticality 
of failure of a given component then the model will be complete. The model will then be utilised 
for planning the prevention or mitigation of calcareous deposits on subsea structures. 
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Abstract 
 

Community legal centres play a vital in role in assisting some of the most vulnerable 
people in society through the provision of information and advice, as well as advocating 
for law reform (Alford 2017).  However, limited funding has resulted in community legal 
centres needing to help more people with fewer resources (National Association of 
Community Legal Centres (NACLC) 2018). Furthermore, community legal centres have 
also seen an increase in the number of individuals seeking their assistance who fall 
outside their scope of practice, resulting in more time making referrals to other 
community legal centres and service providers (Consumer Credit Legal Service WA 
(CLCAWA) 2018). This is precious time that could be spent helping those people who do 
fall within their scope. This report provides a solution for this problem through the use of 
a decision-tree based software program that individual users opt into. Once users finish 
answering the questions, they are provided with the contact details of the most 
appropriate centre to tackle their particular legal issue.  

 
 
1.     Introduction 

Community Legal Centres (CLCs) are independent not-for-profit organisations who provide 
free legal services to disadvantaged individuals (NACLC 2018). There are currently 181 CLCs 
in Australia, 28 of which operate in WA (NACLC 2018). These centres provide a range of 
services including information, referrals, legal advice, non-legal support, duty lawyer services, 
and casework including representation services. Whilst CLCs in WA helped around 26,000 
individuals in the 2017-2018 period, they turned away 28 342 (Community Legal Centre 
Association WA (CLCAWA) 2018). This means CLCs turn away more people than they help 
each year.  People are turned away for two reasons: either the CLC does not possess the relevant 
expertise to help that person, or the person’s legal problem is outside the centre’s funding, 
priority area or client group.  
 
Whilst competing in the 2018 Perth Hackathon, we came up with the idea of a pop-up digital 
assistance named “Lawra” to alleviate this issue. Lawra is intended to help individuals find the 
right CLC for them. It will appear on either the landing or contact page on each CLCs website 
and offer to help the individual find the right person to speak to. This will be done through a 
series of short questions, and, once they are completed, Lawra will provide the name and the 
contact details of the most appropriate CLC. We have constructed decision trees to define the 
questions users will be asked and the relevant CLC a user will be directed to. It is our hope that 
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this project will help CLCs operate more efficiently, as Lawra will help to reduce the number 
of people who call a CLC that cannot assist them.  
 
2.    Scope of Project  

Due to the constraints of a 12-week university semester and the fact that only three members 
were working on the project, we decided to confine the project to five CLCs to maximise 
efficiency. The five CLCs within the scope of this project are Consumer Credit Community 
Legal Service WA (CCLSWA), Employment Law Centre (ELS), Mental Health Legal Centre 
WA (MHLCWA), Northern Suburbs Community Legal Service (NSCLS) and Peel Community 
Legal Service (Peel CLS). Table 1 details the areas of expertise of the five CLCs within the 
scope of this project.  

CLC Area of Expertise  
CCLSWA A not-for-profit charitable organisation which provides 

legal advice and representation to consumers in WA in the 
areas of banking, finance and consumer law (CCLSWA 
2018).  

ELC An independent not-for-profit community legal centre 
specialising in employment law (ELC 2019).  

MHCLWA A state-wide community legal centre that provides free 
legal advice and representation to people who experience 
a mental health illness (MHLC 2019).  

NSCLS A not-for-profit community legal service that helps 
disadvantaged and low-income earners in the northern 
suburbs have access to legal services (NSCLS 2019).  

Peel CLS A not-for-profit service that offers free legal advice and 
advocacy support to people of the Peel region who fit their 
eligibility criteria (Peel CLS 2019).  

 
Table 1         CLCs and their area of expertise 

 
 
3. Creating the Decision Trees  
 
3.1.1 Workings with the CLCS  
 
We knew that to undertake this project, we would need input from a number of stakeholders, 
including the CLCs themselves. This is why we began by contacting Community Legal Centre 
Association WA (CLCAWA), the peak body organisation representing the 28 CLCs in WA. 
Our contact at CLCAWA was Catrina Campbell-Fraser, who not only helped spread our project 
idea by speaking about it at their Quarterlies meeting in March 2019, but also organised for 
Peel CLS, ELS and NSCLS to become part of the project. She also organised for one of our 
team members, who had no prior experience at a CLC, to spend a day at CCLSWA so she could 
gain an insight into how a CLC worked.  
 
At the initial meetings with the CLCs we were able to discuss our project further and gauge 
each CLC’s interest in cooperating. Within these meetings we first discussed each CLC’s 
expectations for the project, what was important for them in creating the Lawra, what they 
wanted included and how they would like this project to help their CLC. It was also important 
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to discuss with the CLC whether they would be comfortable with “Lawra” being placed on their 
website or whether they would prefer for the application to simply be on the CLCAWA website. 
We then corroborated the information provided by the Citizen Advice Bureau spreadsheet 
(Citizens Advice Bureau 2019), which informed us of the services each CLC provides, along 
with what was provided to us by the individual CLC’s website, with each CLC to confirm that 
the information was correct. Along with this we discussed each CLC’s eligibility criteria, such 
as income or postcode cut-offs. The information obtained from this meeting enabled us to begin 
constructing our decision trees. After these initial meetings, we constructed a question template 
in order to guide our future meetings with other CLCs. Some of the questions included asking 
the CLCs about their expectations for the project, discussing their eligibility criteria and 
determining what services they provide.  
 
 
3.1.2 Decision Tree Templates  
 
We decided that the simplest and easiest way to present the information obtained from the CLCs 
would be in the format of a decision tree. In constructing our decision trees, we decided to use 
the examples of already-existing online referral services pointed out to us by Catrina as a 
foundation. We then customised our decision trees to meet the more specific requirements of 
each CLC. For example, we used the categories of the LegalAid WA’s Find Legal Answers 
(Legal Aid of WA 2019) and Community Legal Centres NSW Recommendation Service 
(Community Legal Centres NSW 2019) to build a decision tree that covered all areas of law, 
but made some modifications based on the CLCs that exist in WA. LegalAid’s tool helped us 
see where our CLCs fit within this bigger picture. A notable consideration that we had to 
consider was that many CLC clients come from disadvantaged groups (e.g. non-English 
speaking backgrounds) with complex legal issues, sometimes compounded by alcohol and drug 
addictions or mental health issues or abuse and/or family violence. CLC clients, like most 
citizens, have a limited knowledge of the legal system. Consequently, we decided to use plain 
English language and to keep the questions in Lawra as simple as possible. 
 
Once we had finished our drafts, it was important that each CLC looked at their decision tree 
in order for them to make any corrections and to finalise the part of the decision tree relevant 
to their practice. For example, we initially had “elder abuse” in the category of health, however 
after discussions with our participating CLCs , it was suggested that “elder abuse” was better 
suited in the categories of family and money. We also showed the CLCs where their portion of 
the decision tree fit with the whole decision tree. We found a big difference with the approach 
taken to generalist centres (e.g. Peel CLS and NSCLS) and the specialist centres (e.g. ELS, 
CCLSWA and MHLC). With the generalist centres, they covered a lot of areas and were spread 
across the entire decision tree. However, with the specialist centres, they only appeared under 
specific headings, but with more detailed questioning required to determine if that centre dealt 
with a particular legal issue. 
 
Figure 1 shows an extract of our final decision tree. This demonstrates a small section of the 
decision tree relating to money and the outputs that a user would receive, depending on their 
legal issue. For example, when a user reaches a CLC website, “Lawra” will pop-up and ask the 
user what their legal problem is. If user selects “Money” and then “Fines or infringements”, 
they will then receive the contact information for Peel CLS and NSCLS. If the user selects 
“Other”, “Going to court over money” and “I received a default notice”, they would be directed 
to a factsheet from CCLSWA and if this did not help the user, they would then be directed to 
the contact details of CCLSWA for further help.  
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Figure 1         An extract of the final decision tree relating to money 
 
3.1.3 Creating the Survey   
 
Whilst the process was relatively successful, repeating it for potentially another 23 CLCs would 
be incredibly time consuming. Funding changes often mean that CLCs adjust the areas of law 
they cover, meaning we would need frequent contact with each CLC to ensure the decision tree 
was up to date. Catrina from CLCAWA suggested a survey that could be emailed to each CLC 
containing all of the categories within the blank decision tree template so that they could spend 
just a few minutes ticking the boxes corresponding to the services they still provide or have 
started providing. This survey also contained questions asking whether there were any 
eligibility criteria for individuals getting advice from that particular CLC, or if the CLC had 
any factsheets users could be referred to before the digital assistant provided a user with their 
contact details. We used this method to create decision trees ELC and NSCLS, which were then 
confirmed by a meeting with each CLC. However, as CLCs are usually quite time-poor, getting 
them to fill out and send us back the surveys proved difficult. We will need to revaluate our 
method of data collection heading into the future.  
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3.1.4 Coders for Causes   
 
Implementation of our idea requires a program to be coded in accordance with our decision 
trees. As none of our team members had coding experience, we employed the help of Coders 
for Causes, a non-profit Coding Club at UWA. During the Hackathon, Coders for Causes played 
a key role in advising all the competing groups on how feasible their ideas were. It is during 
this time that we formed a working relationship with them. After the Hackathon, Kate Offer set 
up a number of meetings with Coders for Causes with the aim of facilitating discussion as to 
how we can move our idea forward. In speaking to Coders for Causes about this, they informed 
us that they could design our digital assistant in a way that we wanted.  Coders for Causes began 
working on our project in early July. Once the decision trees are finished and have been refined, 
we will work with Coders for Causes to begin implementing them on the CLCs’ website.  
 
3.1.5 Technology Used  
 
As cost was a major barrier due to the resourcing of many CLCs, we decided to use Microsoft 
Excel to construct our decision trees. Excel is free with a student subscription from UWA. 
During the initial stages of constructing our decision tree, we had issues with Excel crashing, 
as our devices could not handle the size of our decision tree. As a result, we decided to separate 
our individual decision trees into separate Excel sheets and keep a separate copy of the current 
decision tree with all of the different categories. We also used Zoom to hold meetings with Peel 
CLS, as travelling to meet them in person would take up a lot of time seeing as they are located 
in Mandurah. Other technology used was Google Forms, which was used to create the 
validation survey that we sent out to the CLCs; Adobe Photoshop and Illustrator, which were 
used to create our “Lawra” character; and DropBox, which was used to store and share all our 
files. 
 
4. Conclusion and Future Work  
 
We hope that Lawra will increase the efficiency of CLCs by reducing the amount of time spent 
referring individuals. We also hope that Lawra will make the process of figuring out which 
CLC to contact easier and less stressful for potential clients. We understand that Lawra does 
have some limitations, such as reaching those with language, visual and audio barriers and those 
with a lack of access to a computer or internet. However, we believe this is a step in the right 
direction in aiding CLCs continue to help some of the most disadvantaged and vulnerable 
members of society. CLCAWA has indicated that they ideally want to extend Lawra to all 28 
CLCs in WA, and this is an initiative that we are eager to take on. We have already distributed 
our decision tree survey to all the CLCs in WA, and we are in the process of constructing each 
of their individualised decision trees. Other future work includes integrating eligibility criteria 
into our decision tree, and human testing to ensure the coded version of Lawra is user-friendly 
and directs users to the correct CLC for their legal issue. 
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Abstract 

 
Internationally and within Australia, there has been an increase in the number of children 
engaged in harmful sexualised behaviours against other children (Latzman et al 2011; Hall 
2018). There has additionally been an increase in siblings engaging in harmful sexualised 
behaviours (Kieselica & Morrill-Richards 2007). This is a growing problem that has 
resulted in a Royal Commission that reviewed child sexual abuse services (Hall 2018). 
Anglicare WA has also observed an increase in the number of their young clients engaging 
in this behaviour and in light of this review they have started to evaluate their service 
delivery. This project is an exploratory thematic synthesis of the literature regarding the 
experience of sibling sexual abuse disclosure from the perspective of survivors of sibling 
sexual abuse. The aim of this project is to add to the body of literature around sibling sexual 
abuse, generate new insights, and increase understanding in relation to survivors’ of 
sibling sexual abuse. With this knowledge Anglicare WA can target gaps in their service, 
improve client outcomes, and better support their clients and their client’s families. The 
key deliverables of this project are a dissertation paper and a presentation to Anglicare 
WA staff to inform future practice. 

 
1. Introduction 
 
Historically, research and investigations into childhood sexual abuse have been targeted 
towards intrafamilial and extrafamilial perpetrators that are adults (Tapara 2012; Yates 2017). 
However, in more recent decades research has shown that there has been an increase in children 
engaging in harmful sexualised behaviour against other children (Hall 2018; Yates 2017). 
Harmful sexualised behaviours cover a wide range of behaviours that are considered harmful 
towards “the child’s own development or other children” (Hall 2018). These behaviours “vary 
along on a continuum from noncontact behaviours such as exposure to pornography to physical 
contact, and from fondling to forcible penetration” (Haskins 2003).  
These behaviours also occur amongst siblings (Ballantine 2012; Haskins 2003; Yates 2017).  
 
Sibling sexual abuse will be defined in this paper as harmful sexualised behaviours that take 
place between two or more siblings (Hall 2018; Thompson 2009). In practice, when 
determining if these behaviours are abusive the level of “equality, consent, and coercion” 
should be considered (Boyd & Bromfield 2006). The term sibling sexual abuse will be used in 
this paper to highlight the difference between sibling related harmful sexualised behaviours and 
harmful sexualised behaviours generally. It is noted that the terminology chosen does not reflect 
possible criminal connotation, as sibling sexual abuse is often not pursued criminally 
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(Ballantine 2012). There are a variety of reasons that this does not occur. First parents or victims 
may not report the behaviours or file charges (Haskins 2003). Additionally, the age for criminal 
responsibility in Australia is 10 years old, therefore incidents that occur below the age of 10 
cannot be criminally pursed (Boyd & Bromfield 2006; Pratt 2013). There is additionally the 
concept of  “doli incapax” under common law, which recognises that children between 10-14 
years of age mature at different rates and therefore may not be legally responsible for their 
behaviours (Boyd & Bromfield 2006; Pratt 2013). These reasons make it difficult to prosecute 
young children who engage in harmful sexualised behaviours both in relation to their siblings 
and other children (Boyd & Bromfield 2006; Hall 2018).  
 
As previously mentioned, there has been an increase in incidents of children engaging in 
harmful sexualised behaviours (Yates 2017). In Western Australia alone, 70% of investigations 
into childhood sexual abuse have been believed to be perpetrated by other juveniles 
(Commissioner for Children and Young People 2018). Within this increase there has been an 
increase in intra-familial sexual abuse (Gekoski 2016). In regards to intra-familial incidents, it 
is believed sibling sexual abuse may be the most prevalent form of intra-familial sexual abuse 
(Boyd & Bromfield 2006; Caffaro 2017; Caffaro & Conn-Caffaro 2005; Haskins 2003; 
Kieselica & Morrill-Richards 2007; Pratt 2013). In fact Caffaro and Conn-Caffaro (2005) found 
that sibling sexual abuse occurs 3-5 times more often than sexual abuse between father and 
daughter. Additionally, a study that examined maltreatment reports in the US found that 2.3% 
of children were sexually abused by their siblings, compared to 0.12% of children were sexually 
abused by an adult family member (Caffaro 2017). However, it is difficult to know the exact 
number of cases, as it is underreported and under disclosed (Stathopoulos 2012; Tapara 2012).   
 
This increase in children engaging in harmful sexualised behaviour against other children has 
come to the attention of the Australian government (Commissioner for Children and Young 
People 2018; Hall 2018). As a result, the Australian government then conducted a Royal 
Commission into institutional responses to child sexual abuse (Commissioner for Children and 
Young People 2018; Hall 2018). As a result of the Royal Commission services that offer 
treatment for child sexual abuse were reviewed and treatment recommendations were made for 
children impacted by sexual abuse (Commissioner for Children and Young People 2018; Hall 
2018). In light of this review, Anglicare WA has decided to evaluate their service delivery. 
Anglicare WA has also noticed that there has been an increase in the number of their clients 
being children engaging in harmful sexualised behaviour towards other children. As a result 
they have begun to explore how they can improve their service delivery to better address this 
problem.  
 
Even though, there has been an increase in prevalence of sibling sexual abuse, this is still an 
under researched area (Latzman et al 2011;Yates 2017). This is partially due to researchers and 
clinicians historically minimising the seriousness of sibling sexual abuse, and often claiming it 
is just experimentation, consensual, or a normal part of childhood development (Boyd & 
Bromfield 2006; Welfare 2008; Yates 2017). Additionally, this could also be due to the taboo 
nature of this topic (Stathopoulos 2012; Yates 2017). The research that has been conducted in 
this area, indicates that sibling sexual abuse is just as negatively impactful as other types of 
intrafamilial sexual abuse (Ballantine 2012; Kiselica & Morrill-Richards 2007). In fact, Hatch 
and Northam (2005) found that sibling sexual abuse tends to be both “more intrusive and occurs 
over longer periods of time” than other forms of intrafamilial sexual abuse. Which could result 
in victims experiencing more negative consequences when compared to other types of sexual 
abuse (Hatch & Northam 2005). Sibling sexual abuse has been found to lead to disassociation, 
hyper-arousal, relationship difficulties, depression, low self-esteem, future drug use, hyper-
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sexuality, affective disorders, and sexual dysfunction in adulthood (Ballantine 2012; 
Stathopouslos 2012; Tener, Tarshish & Turgeman 2017; Welfare 2008). Stathopoulos (2012) 
stated that parental responses to disclosure can mitigate or exacerbate these impacts. Sibling 
sexual abuse presents a unique challenge for parents as both parties involved are their children, 
resulting in a complex change to family dynamics (Boyd & Bromfield 2006; Carroll, 2009).  
 
Unfortunately, this type of abuse is often under reported and not disclosed for years (Tapara 
2012; Welfare 2010). Some research has indicated that children will often not disclose sibling 
sexual abuse to their parents because they feel guilty, helpless, ashamed, or they are scared their 
sibling or themselves will be punished (Boyd & Bromfield 2006; Caffaro 2017; Tapara 2012). 
Siblings additionally may feel conflicted about their feelings towards their siblings, which can 
act as a barrier for disclosure (Ballantine 2012; Stathopoulos 2012). This project seeks to further 
explore how survivors of sibling sexual abuse experience disclosure. In order to explore this 
area further, this project will conduct a thematic synthesis of the literature in order to generate 
new insight and understanding around the experience of disclosing sibling sexual abuse. This 
project will allow Anglicare WA to have a better understanding of the experiences of survivors 
of sibling sexual abuse, so as to better support their clients and their clients’ families.  
 
In conclusion, sibling sexual abuse is an increasing problem both internationally and within 
Australia (Latzman et al 2011; Hall 2018). However, it is often underreported and under 
disclosed (Tapara 2012; Welfare 2010). Anglicare WA have observed this increase in 
prevalence and as a result Anglicare WA want to explore and better understand the experiences 
of survivors of sibling sexual abuse in order to better support their clients and their families. 
Therefore, this project aims to synthesise the literature on how survivors of sibling sexual abuse 
experience disclosure to generate new insights and understanding around the experiences of 
disclosure for survivors of sibling sexual abuse.  
 
2. Methodology  
 
2.1 Conceptual Framework  
 
For this project, I conducted an inductive qualitative research study. I choose a qualitative 
design for this project in order to enable a more in-depth understanding of the survivor’s 
experiences. This project is explorative in nature, meaning this project aims to investigate what 
the literature says about this population and synthesis their experiences in order to add to the 
body of research in this area (Bryman 2016).   
 
The considerations that shaped my theoretical framework are the following. My 
epistemological assumptions come from a interpretivism perspective meaning that I believe the 
human experience is subjective  (Bryman 2016). My ontological assumptions come from an 
constructivist worldview, meaning I believe we cannot separate our beliefs, values, and feelings 
from the facts and that our realities are continuously evolving (Bryman 2016).  Each survivor 
represented in the literature will have their own experiences, views, and beliefs that influence 
their perceptions and this study will seek to better understand the experiences of this population 
and synthesis the common experiences of this vulnerable population. Additionally, this 
worldview recognises that the researcher cannot completely separate their own beliefs and 
experiences when engaging with the data, but rather the researcher is recognised as a part of 
the analysis process (Bryman 2016). The methodology that will be used to analyse the data is 
a thematic analysis using a thematic synthesis approach (Bryman 2016).  
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2.2   Data 
 
The search "brother-sister incest" OR "sister-sister incest" OR "brother-brother incest" OR 
"sibling sexual abuse" AND "disclosure” was conducted using the search engines Google 
Scholar and The University of Western Australia’s One Search and Informit.  This resulted in 
1,503 results across the 3 databases. It is noted that a significant number of papers that resulted 
from the search were either duplications across the databases or related to literary or historical 
discussions around sibling sexual abuse rather than real life individuals.  
 
The above mentioned papers were narrowed based on set inclusion criteria that included the 
use of the English language, the use of a qualitative research methodology that included original 
data from the perspective of survivors of sibling sexual abuse and were either peer-reviewed 
articles or dissertation papers. No time restrictions were implemented. These papers were 
narrowed down through reading either the titles, abstracts, or full-text papers in order to select 
literature that met the inclusion criteria. Papers that were kept directly spoke about in full or in 
part the experience of disclosing sibling sexual abuse from the perspective of the survivors. 
This resulted in 11 papers left for analysis.  
 
2.3     Procedure  
 
As previously mentioned the papers were narrowed down and the papers that met the inclusion 
criteria were kept for analysis. After this was completed, the collected papers were read in 
random order and the “results” or “finding” sections were extracted and written into a transcript. 
This included both the quotes from participants and the authors related discussions and 
interpretations. This transcript was uploaded to NVivo, a data analysis software, for coding. 
The text was coded line by line (Bryman 2016). Once all the transcripts were coded the data 
was then examined for descriptive themes (Bryman 2016). The themes were created by 
combining similar coding to reflect similar experiences (Bryman 2016). Next, overarching 
analytical themes were identified (Bryman 2016). 
 
Additionally, two papers out of the thirteen, included both survivors of sibling sexual abuse and 
other types of sexual abuse. However, the participant’s stories were individually separated and 
identifiable within the papers. Therefore, in both of these papers the quotes from the participants 
who experienced sibling sexual abuse and discussion from the authors about this participant 
were extracted from the “findings” section, opposed to the whole “findings” section.  
 
2.4     Limitations   
 
2.4.1  Delimitations 
 
It is noted that several papers were excluded from this study due to the fact that all types of 
sexual abuse were included in the research criteria and participants were not individually 
identifiable. In these incidents, it was not possible to separate the experiences of survivors of 
sibling sexual abuse opposed to other types of sexual abuse and therefore their experiences 
could not be included in this study. Future research should analyse the differences between 
survivor’s experiences of different types of childhood sexual abuse.  
 
Another delimitation of this research, is the fact that non-English papers were not included in 
the analyses. Therefore this thematic synthesis has not captured non-English speaking 
survivor’s experiences.  
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2.4.2 Limitations  
 
It is can be very difficult for survivors of sexual abuse to speak to others about their experiences 
(Tapara 2012). Therefore, it is highlighted that participants that have volunteered to participate 
in the research being analysed may not be generalisable towards the whole population of 
survivors of sibling sexual abuse. As there may be a bias in the literature towards survivors that 
are more willing to discuss their experiences or engage in services and research.  
 
3. Conclusion and Future Work   
 
Due to the change in direction of the project, at this stage the analysis of the literature is not 
complete. The next step for this project will be completing the thematic analysis of the 
literature. After the completion of this task, the findings will be written into my final dissertation 
paper and will be additionally presented to the key stakeholders at Anglicare WA.  
 
Future research should seek to speak to Anglicare WA’s clients directly, to examine whether 
or not the findings of this project are transferable to Anglicare WA’s clients specifically. 
Additionally, Anglicare WA would additionally benefit from exploring cultural differences 
within Western Australia context.   
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Abstract 

 
In the Pilbara region of Western Australia, RTIO runs the world’s largest iron ore 
operations, including a world-class, integrated network of 16 iron ore mines, four port 
facilities, and a 1,700km rail network. The company has a fleet of 4,500 ore car pairs which 
transport the iron ore through rail network from Pilbara to ports in Dampier and Cape 
Lambert. Coupling components (including couplers, knuckles, yokes, drawbars and draft 
gear) connect ore cars to each other. This study is conducted on behalf of Rio Tinto Iron 
Ore (RTIO) and apply machine learning technology on data of train operation to predict 
failure of coupling component that causes train separation. The principal objective of the 
project is to train statistical models to coupling component failure data based on the input 
variables related to the wagon position. The data from several different departments need 
to be merged for this project. Results obtained thus far show that generous fit of the model 
is achieved. We recommend other variables for which data should also be obtained, which 
will further improve the model fit. 

 
1. Introduction 
 
Rio Tinto Iron Ore (RTIO) runs one of the largest iron ore mining operations worldwide. The 
mine sites are located in the Pilbara region of Western Australia. Ore from the mines is 
transported to port facilities by train. The ore cars are connected to each other using coupling 
components. These components experience coupling force during loading and unloading, 
leading to fatigue failure. For safety and continuity of operations, it is essential to avoid failure.  
 
Figure 1 shows the ore cars that RTIO currently uses in their operation. The coupling 
components can be seen between the cars and connects two ore cars working as a pair. The 
coupling components mostly used by RTIO is the F type coupler system shown in Figure 2. 
Failures in knuckles and yokes are our priority in the project because fatigue forces most likely 
cause them.  The current maintenance strategy for coupling components is a combination of 
non-destructive testing result and replace components on age.  Based on a report from rolling 
stock management division, most failures of knuckles occur in the second year, resulting in 
train separation.  
 
Fatigue force is the leading cause of coupling component failures. The force experienced by 
coupling components depends on their position in the train of the ore cars they connect. A train 
may be up to 2.4 km long with 240 ore cars attached, each with a load capacity of 120 tonnes. 
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The forces in the coupling components towards the end of the train are very different from those 
at the beginning. For example, an ore car connected to the locomotive would be in position one 
and the force suffered from this ore car is different from an ore car in the middle part of the 
train. This is because tensile and compressive forces experienced in the front part of the train 
are different from the forces in the middle section. This results in components having different 
lifetimes. Consequently, the replacement times can be optimised to provide maximum useful 
life for the components.  
 

 
 

 
Figure 1  Ore Car 

 

 
 

Figure 2  F Type Coupler 
 
RTIO currently works with the Institute of Railway Technology (IRT) at Monash University to 
analyse fatigue damage of coupling components across their operation. The methodology used 
is rain-flow analysis to count the number of loading and unloading cycles. The power of three 
then weights these cycles on all ore cars based on the AS 4100-1998 for steel structures for 
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loading up to five million cycles (AS, 1998). The power three weighting means that if the force 
is doubled then the damage index increases by a factor of 23 =8. Thus a 100-tonne force would 
contribute eight times more to the damage index than a 50-tonne force.   
 
In a study from IRT (Bowey, 2018), power three weightings were applied on all cycles of ore 
cars. However, given that the force on ore cars depends on their positions, it is more realistic to 
use different power indices according to the position of ore cars on the train. Moreover, the 
prediction of life of coupling components is of paramount interest to the client; the current 
maintenance strategy leads to failure more often in the second year, and the current replacement 
plan can be optimised to reduce the costs. The objective of this project is to apply machine 
learning technology to optimise the maintenance strategy. 
 
2. Methodology 
 
2.1   Data preparation 
 
The data for the project come from three sources: train separation summary table: instrumented 
ore cars (IOCs) data from IRT; and real-time tracking data from Rio Tinto operation center. 
The first step is to combine the dataset from these departments and form a large dataset to be 
used to train the model. We found that the data from IOCs are not suitable to merge with the 
other two datasets, because there are only a few IOCs in a train of 240 ore cars, and it is 
impossible to match the data with real-time tracking data that have millions records available.  
 
The real-time tracking data can be extracted by using SQL query from databases of the 
operation center. The data from January 2017 to March 2019 have been obtained, and the 
corresponding train separation record can be merged by matching dumping data and wagon ID. 
The combined dataset contains approximately 8 million transactions.  
 
2.2   Data cleaning 
 
Data cleaning is critical for any modelling. The data contains a large number of null values that 
correspond to missing values. These empty slots are filled based on their column. For example, 
in the column ‘Downtime caused by train separation’, the mean value of downtime in hours is 
calculated and then loaded into the dataset. For columns such as ‘Classification’ and ‘Breaking 
component’, null values are relabelled into the ‘Unknown’ category. 
It is hard to deal with the unfixable data in the train separation table, and some wagon ID is 
ambiguous that are not able to be replaced. By using the code of data integration shown in 
Figure 3 (Jupyter Notebook, 2019), around 100 records of train separation loss. 
 

 
 

Figure 3  Code for gathering the data in Python 
 
2.3   Model selection 
 
Machine Learning techniques can be classified according to the type of supervision they get 
during training. Three categories are considered in this project: supervised learning, 
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unsupervised learning and semisupervised learning. In supervised learning, a labelled training 
set is one that contains the desired solution (a.k.a. label) for each observation. The two most 
common supervised tasks are regression and classification. Based on the combined dataset, the 
task we tackle is to predict if there will be a train separation during the operation so that the 
classification is suitable to analyse the dataset.  
 
Two types of classification are conducted in this project: the first model is to predict whether 
the failure will happen, and the second model is to predict the type of broken coupling 
components such as knuckles or yokes. The binary classification algorithm is applied to the 
first model and multi-class classification suits for the second.  One way to evaluate the 
performance of a classifier is to look at the confusion matrix. Figure 4 shows a sample confusion 
matrix.  
 

 
 

Figure 4  Sample confusion matrix 
 
3. Results and Discussion 
 
3.1   Software package used 
 
Oracle SQL developer is applied to explore the database from Rio Tinto operation center (SQL 
Developer, 2019). Jupyter notebook is a web application that it is one of the most popular tools 
to do data analytics (Jupyter Notebook, 2019). It is used to do the rest part the project including 
data cleaning, data integration, model training and visualisation. 
 
3.2   Combined datasets 
 
The current results are derived from analysing train separation record and real-time tracking 
data from January 2017 to March 2019. Training more data to get better performance of the 
model is possible but time-consuming would be the stepping stone for the project. There are 
approximately 8 million transactions during this period, and every training attempt took many 
hours to come alive.  
 
A sample of the data is provided in Figure 4. Some attributes such as dump data, wagon size 
and tag number have been dropped because they are not suitable to encode as an integer, which 
is the requirement for training a classifier. Attributes like description and broken components 
can be encoded. For example, Q series wagon can be set to class 1, and S series corresponds to 
class 4. Similarly, breaking knuckle is equivalent to class 10 and Retainer Plate Bolts can be 
seen as class 9. 
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Figure 5  First 5 transactions of the dataset 
 

3.3   Model performance 
 
Three models used to predict whether train failure will happen is built. Stochastic Gradient 
Descent (SGD) classifier is a linear Support Vector Machine (SVM) classifier that is simple yet 
very efficient to learn large datasets. Although linear SVM classifier is fast to train and work 
surprisingly well in some cases, many datasets are not close to being linearly separable. 
Nonlinear SVM classifier with a polynomial kernel is applied to be the second model. Random 
Forest classifier is an ensemble of decision trees, and the algorithm introduces extra randomness 
when growing trees. It is added to be the third model to make a comparison. 
 
The result shows that all models achieve 99% accuracy based on the test set. This result can not 
be fully trusted because there are over millions of transactions which are marked as no failure 
versus only a few hundred labelled as train separation. Under this circumstance, the confusion 
matrix is the better way to compare performance from all models. 
 
The confusion matrix in Table 1 shows that the SVM classifier has the best performance over 
three classifiers with 15 correct predictions on train separation cases in the test set. 
 
 
Model                           True Positive False Positive   False Negative   True Negative    
SGD classifer                     1539434 0 16 3 
SVM classifer                    1539428 6 4 15 
RandomForest classifier    1539434              0                     19                    0    
 

Table 1  Confusion matrix for all classifiers 
 

It is essential to analyse feature importances. Figure 6 indicates that the attribute of downtime 
in hours is the most vital of all features in the Random Forest classifier. Based on Table 1, we 
can see that Random Forest classifier has the worst performance in three classifiers. Feature 
importance in the SVM classifier should be more reasonable. However, the complexity of 
calculating feature importance in SVM classifier is exceptionally time-consuming. 
 
4. Conclusions and Future Work 
 
At present, the results show that machine learning techniques can be an auxiliary tool in the rail 
industry. However, the accuracy of prediction still needs to be optimised. Ideally, car position 
in the train consist should be the essential feature affecting train separation,  because the force 
experienced by coupling components depends on the position in the train of the ore cars they 
connect. Based on my result, the features of downtime and dumping minutes are more import 
than car number in train consist.  
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Figure 6  Feature importances in random forest classifier 
 
Ongoing work focuses on using unsupervised learning and semisupervised learning techniques 
to achieve a better performance of the model. The unsupervised learning method, clustering, 
can be applied to the unlabelled data to find similarities in these transactions, which in turn 
segment car numbers into clusters. Semisupervised learning can deal with partially labelled 
training data, usually a large amount of unlabeled data and a small amount of labelled data. The 
concept of this technique perfectly fits our dataset.  
 
Future work includes checking if non-destructive testing data can merge into the dataset to 
provide more attributes. More input features will lead to better model performance and 
eventually construct an application that outputs accurate prediction of train separation 
possibility. 
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Abstract 

 
The presence of Per– and Polyfluoroalkyl Substances (PFAS) in treated wastewater and 
reuse schemes has the potential to impact sensitive species in the surrounding 
environment. It is important that the latent risk resulting from domestic baseline 
concentrations of PFAS be assessed in order to prioritise resources allocated to further 
investigate and possibly remediate sites of high ecological importance. This investigative 
study will aim to develop the risk assessment framework for site prioritisation, and review 
the sensitivity of protected ecological species with regards to PFAS. The objectives shall 
be achieved through data collection and analysis in the form of a literature review, the 
development of a site prioritisation framework followed by case studies on sites of 
varying priority and the ranking of those sites.  

 
1. Introduction 
 
Per– and polyfluoroalkyl substances (PFAS) are a group of manufactured chemicals with past 
and current uses in a variety of industrial processes and consumer products such as textile 
coatings, non-stick cookware, electronics, mist suppressants and firefighting foams since 
being developed in the 1950’s (Department of Health, 2019). The National Environmental 
Management Plan for PFAS, developed by the heads of all State and Territory Environmental 
Protection Authorities was finalised and published on 16 February 2018. It contained 
assessment criteria for notable PFAS compounds perfluorooctanoic acid (PFOA), 
perfluorooctane sulfonate (PFOS) and perfluorohexane sulfonate (PFHxS) (HEPA, 2018). 
The Department of Water and Environmental Regulation has adopted the published NEMP 
and requires environmental investigations to adhere to these guidelines.  
 
There were several key findings from the literature review. The physical and ecological fate 
and transport of PFAS is dependent on chain-length and functional group. It was also deduced 
that the species that are highly vulnerable to PFAS largely depended on the diet of the species 
relative to body size. Insectivorous secondary animals are the most vulnerable to PFAS 
impacts. These species are commonly birds and reptiles although this group can also include 
mammals (ECCC, 2017). The at risk species in aquatic fauna are fairly unknown compared to 
terrestrial fauna.  
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The following objectives will be achieved within the scope of this project: 
• Develop a detailed understanding of the ecological effects, fate and transport of PFAS 

within selected wastewater treatment plant (WWTP) sites in WA. 
• Develop a cohesive framework that prioritises sites based on ecological, cultural and 

social significance of land surrounding WWTPs, and whether sites house protected 
species that are vulnerable to PFAS. 

• Identify and develop a detailed understanding of sensitive local receptors of concern 
and the receiving environment. 

• Develop a plan/framework in regards to next steps for the state-wide risk study. 
 
The findings and tools created throughout the project will aid the Water Corporation in 
determining the level of ecological priority given to all 109 WWTPs and reuse schemes. 
 
2. Site Ranking Process and Case Studies 
 
The objectives are being achieved through a literature review, site screening for four case 
studies, the development of a site prioritisation framework, case studies and a site ranking 
exercise for all WWTPs and reuse schemes. 
 
The site prioritisation framework was developed to rank sites in varying levels of priority. 
This first set of criteria is related to environmental and ecological sensitivity as well as the 
likelihood and severity due to the method of wastewater discharge, as shown in Table 1. 
 

Table 1  Environmental and ecological component to the site prioritisation 
framework 

 
Criteria Negligible Low Moderate High 
1. The proximity of 
discharge point to 
protected areas/species 
(40%) 

0% 
 

>10km 

10% 
 

5km-10km 

20% 
 

1km-5km 

30% 
 

500m-1km 

40% 
 

<500m 

2. Method of treated 
wastewater discharge 
(20%) 

0% 
 

Evaporation 
ponds 

5% 
 

Ocean outlet 
pipeline 

10% 
 

Reuse  

15% 
 

Infiltration 
ponds 

20% 
 

Surface water 
discharge 

3. Classification of 
vulnerable protected 
species (insectivorous 
– birds, reptiles, 
mammals) (20%) 

0% 
 

No protected 
species 

5% 
 

No vulnerable 
protected 
species 

10% 
 

Protected 
omnivorous 

tertiary 
consumer 

15% 
 

At least one 
omnivorous 

protected 
secondary 
consumer 

20% 
 

At least one 
insectivorous 

protected 
secondary 
consumer  

4. Environmental 
Significance of 
Receptor (20%) 

0% 
 

Developed 
Site 

5% 
 

Undeveloped 
Site 

10% 
 

Ecologically 
Sensitive Area 

15% 
 

Non-
RAMSAR 

wetland  

20% 
 

RAMSAR 
Wetland  

 
This set of criteria renders a rank out of 100%, 0% meaning the lowest level of priority and 
100% meaning the highest level of priority. Criteria one and two in Table 1 represent the 
likelihood of PFAS existing within an area and criteria three and four represent the severity of 
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impact of PFAS of the receptors at these sites. The reason why the likelihood of PFAS present 
in an area is of a higher combined weighting (60%) is because it is not resourcefully optimal 
to treat for a locational receptor that has no PFAS. Criteria three and four are of equal 
importance because one represents the impact of PFAS to known at risk species and the other, 
potentially at risk through important environmentally significant sites. The sites are then 
marked against a criterion regarding the social and cultural significance of the land of the 
receptor. The social and cultural ranking used is shown in Table 2.  
 

Table 2  Social and cultural component to the site prioritisation framework 
 
Criteria Negligible Low Moderate High 
Social and cultural 
significance of 
Receptor (100%) 

0% 
 

No known 
social and 
cultural 

significance 

25% 
 

Regular social 
use (local use) 

50% 
 

Popular 
societal use 

(tourist 
destinations) 

75% 
 

Nationally 
recognised site 

 

100% 
 

Internationally 
recognised site 

 
Aboriginal 

heritage site 

 
The cumulative results of the two rankings are shown in Figure 1. 
 
The case studies are inclusive of WWTPs and their associated reuse schemes and involved 
developing a conceptual site model, identifying the significance of the land and site 
characteristics for four sites of varying hypothesised priority – one low, one medium and two 
high. Species profiles were also created for highly vulnerable species found within the site 
proximity. The results of the case studies will be outlined in Section 3 and will be used to 
callibrate the site prioritisation framework. 
 
The site ranking will be conducted using the geospatial software ArcGIS with the integration 
of the site prioritisation framework outlined. 
 
3. Results and Discussion 
 
3.1 Case Studies 
 
Figure 1 outlines the site rankings for the case studies conducted thus far. 
 
3.1.1 Location A 
 
Location A was hypothesised to be a low priority site since there is a signficant distance from 
the receptor, the ocean. It was found that there were no protected insectivorous secondary 
species present in the area, however there were two protected omnivorous secondary species. 
Several environmentally sensitive areas were identified around seven kilometers away, 
however these are located upgradient from ground water flow meaning that the treated 
wastewater discharge is not likely to impact those areas. There are two registered Aboriginal 
heritage sites north of the case study site, however this is hydraulically cross-gradient and 
groundwater will not flow in that direction. Based on the site priortisation framework 
Location A was  ranked as low priority. 
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Figure 1  Site pioritisation ranking of the case study sites 
 
3.1.2 Location B 
 
Location B was hypothesised to be a medium priority site because of a sensitive receiving 
environment, a culturally and environmentally significant estuary, located a moderate distance 
from the site. It was found that there was a protected insectivorous secondary species found 
near the receiving environment. There are various sites of environmental and cultural 
significance west of the site. The local hydrogeology suggests that groundwater flows toward 
the environmentally and culturally significant receptor, however it is expected that PFAS 
compounds from the reuse site be sufficiently diluted on reaching the receptor due to the 
distance. Because the receptor is a nationally recognised site located a moderate distance 
away, Location B was ranked as medium priority using the site prioritisation framework. 
 
3.1.3 Location C 
 
Location C was hypothesised to be a high priority site because of its close proximity to the 
ocean. It was found that there were no insectivorous protected secondary species however 
there were two omnivorous protected secondary species. There were several environmentally 
sensitive areas, important wetlands and Aboriginal heritage sites around 500m from the reuse 
schemes in the area however the direction of groundwater flow generally flows towards the 
ocean. Because the reuse schemes are within a nationally recgonised site, Location C was 
ranked as a high priority site using the site prioritisation framework. 
 
3.1.4 Location D 
 
Location D was hypothesised to be a high priority site because of the treated wastewater 
discharge into a channel that then flows into the river. It was found that there were two 
protected insectivorous secondary species. There were several environmentally sensitive 
areas, including important wetlands and registered Aboriginal heritage sites within 1.6km 
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from the site. Location D was ranked as a high priority site using the site prioritisation 
framework. 
 
3.2 Species Profile: Crested Shrike Tit 
 
Below is a brief example of a species profile conducted for the Crested Shrike-Tit at one of 
the locations.  The Crested Shrike-Tit is a medium sized bird and resides in the north-west of 
Australia. It forages for invertebrates, mostly in foliage, branches, and the trunk and bark 
across a range of eucalypt and other tree species (Department of the Environment and Energy, 
n.d.). Based on other similar species, it has a food ingestion rate of 0.06kg wet weight and 
water ingestion rate of 0.01L/day (AECOM, 2018). These values were derived from an 
equation from ingestion rate. 

𝐼𝐼𝑖𝑖 =
𝐼𝐼𝐼𝐼𝐼𝐼𝑅𝑅𝑖𝑖
𝐵𝐵𝐵𝐵

 
 
𝐼𝐼𝑖𝑖 represents the ingestion rate (kg/kg body weight/day), 𝐼𝐼𝐼𝐼𝐼𝐼𝑅𝑅𝑖𝑖 represents the ingestion rate of 
media (kg/day) and 𝐵𝐵𝐵𝐵 represents the body weight of the organism.  
 
There is not much information on the diet of Northern Crested Shrike-tits however a study on 
foraging behaviour in New South Wales rendered the diet distribution described in Figure 2 
where the arrows represent the direction of species uptake between trophic levels (Noske, 
2003).  

 
 

Figure 2  Crested Shrike-Tit Food Web 
 
4. Conclusions and Future Work 
 
The case studies have shed light on the fact that the sensitivity of receptors and distance is 
crucial in determining the end receptors of treated wastewater and probable risk. A sensitivity 
analysis will be conducted for the top 20 high priority sites to rule out sites that are of lesser 
concern due to the opposing direction of groundwater flow. 
 
Another key takeaway is that it is worth assessing the diets of species due to dietary 
composition, soil ingestion, water ingestion, body weight and daily intake. 
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Other future work involves determining the threshold for PFAS in sensitive species, drawing 
up conceptual site models for the case studies, developing guidelines of the site prioritisation 
framework and ranking the WWTPs and reuse schemes through ArcGIS. More work needs to 
be done in refining the boundaries for the site prioritisation ranking plot outlined in Figure 1 
and the social and cultural ranking system. 
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Abstract 

 
The seastate a vessel encounters directly impacts its operation by impacting fuel efficiency 
or causing motion sickness. Many vessels don’t have access to seastate information due to 
a lack of commercial viability for available sensing systems. Austal is conducting large 
scale data collection trials to better understand seastate conditions around their vessels 
and vessel condition monitoring to improve client operations. This project uses a dataset 
provided by Austal to develop a method for estimating seastate around a vessel with 
forward speed using the available dataset. 
 
To accomplish this, vessel motion measurements from the dataset of an in-service vessel 
were utilised to develop new models to estimate the significant wave height, peak wave 
period and mean wave direction. As the vessel motions are filtered due to the vessel 
complexity this project focused on estimating seastate conditions that influence vessel 
motions. To develop the model a machine learning algorithm has been employed to solve 
the system complexities. 
 
Using this process, a vessel with forward speed can estimate seastate conditions. 
Additional scope was used to determine the most important features, at what rate the model 
can predict seastate parameters and the quantity of data required to train a model to a 
similar accuracy. 

 
1. Introduction 
 
Fuel consumption is the largest incurred expense for a vessel, many operators focus on 
improving fuel efficiency. Most methods for improving fuel consumption have been single 
settings options that are implemented at the start of a voyage or seasonal based. Austal wants 
to develop a fuel consumption model that can predict fuel consumption across multiple 
conditions to dynamically set the optimal vessel settings. Seastate has been determined to be a 
key parameter in this model that needs to be accurately obtained in real time. 
 
Seastate conditions are typically characterised using three statistical parameters (DNV, 2007): 

• Significant wave height (Hs): The average height (trough to crest) of the highest one-
third of waves in an indicated time period, also commonly denoted 𝐻𝐻1/3 

• Peak wave period (𝑇𝑇𝑃𝑃): The wave period ω responding to the maximum of the wave 
energy spectrum 

• Mean wave direction (𝛽𝛽): The mean direction from which the waves approach a 
location, with respect to North or heading 
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Wave buoys are a common method for obtaining wave statistics/spectra and are widely used 
for their accuracy. They record motion using an Inertia Measurement Unit (IMU), that measures 
the acceleration and rate of rotation for wave-induced motions. Post processing is performed 
using spectral analysis, which decomposes motion measurements into the wave spectra to 
determine statistical wave properties. Wave buoys are able to calculate these properties as they 
were designed to be an easily interpreted system that responds to seastate, however, this 
technique is unsuited to the complex designs of in-service vessels. 
 
In many locations around the world, wave buoy data is not available, numerical hindcast models 
are unreliable or not practical, and physics-based models can produce multiple results for 
similar seastate conditions. There are different techniques to collect this data from a vessel 
which can be used to determine seastate. These include surface displacement, motion readings 
and visual recordings. The seastate measurements collected are then estimated using methods 
such as zero crossing analysis (Wall, 2003), wave spectral analysis (Tannuri et al., 2003) and 
other seastate algorithms. However, many of these on-vessel methods of estimating seastate are 
not applicable for vessels with forward speed as it adds significant complexity. 
 
The waves that are detectable from measuring vessel motions are those that induce vessel 
motion. These waves are wind driven waves as shown in Figure 1. This is acceptable as this 
study is only interested in seastates that affect the vessel. 
 

 
Figure 1  Wave power spectrum (Munk, 1950) 

 
Machine learning has become a popular tool for solving complex, pattern-based applications. 
Machine learning is the application of computer algorithms capable of learning to predict results 
based on their own previous experiences. The algorithm functions by inputting a set of 
“features” known as an “observation” that can be understood by the computer (Pedregosa et al., 
2012). These features are then transformed into singular or multiple outputs or “labels” as seen 
in Figure 2. 
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Figure 2  Example of supervised machine learning model 
 
The available dataset will be used to evaluate the potential of estimating the total seastate 
parameters by applying a machine learning strategy. The estimated seastate will be limited to 
seastate conditions that excite the vessel and modelling will be limited to a single vessel for a 
single site. 
 
2. Process 
 
Machine learning will be used to identify the unique sea state conditions and their impact on 
the vessel. To evalute sea state conditions around a vessel, the vessel motions have been 
recorded, enabling machine learning models to learn by providing a validation source. For the 
project a wave buoy will be used for its accuracy in the environment of the trial. 
 
The wave buoy chosen to train the model is the Cottesloe wave buoy (Australian Ocean Data 
Network, 2018) and is a Waverider MkIII. This will act as an independent measure of wave 
data for its location and accuracy. The wave buoy measures with an uncertainty for significant 
wave height of ± 0.01 m, Peak wave period ± 0.5 s and mean wave direction ± 2 ° (Datawell, 
2012). 
 
2.1 Measurement/ Field campaign 
 
The dataset used for this study was acquired on the Rottnest Express ferry “Eagle Express”. 
The vessel data was acquired during its normal operation as it travelled between Rottnest Island 
and Fremantle. The vessel motions were recorded with an onboard 6-axis IMU at 20 Hz 
attached to the vessel’s hull and a GPS at 1 Hz located in the bridge.  
 
Typical wave conditions for the trial area represent typical data collected to be used for model 
training. Data collected from 2018 supplied from the DoT (Department of Transport, 2018). 
Typical significant wave height can range from 0.5 to 1.5 m. Typical peak period ranges from 
10 to 16 s. Typical sea and swell direction can range from 225 to 270 degrees with respect to 
north. 
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The vessel has a monohull and is 34.75 m in length, has a beam of 7 m and a displacement of 
80.45 tonne. It travels at about 13 m/s over a distance of 20 km based on the data from the 
middle section as shown in Figure 3. 33 hours of vessel movements were recorded for the trial 
over many voyages across varying seastates. 
 

  
Figure 3  Map with recorded data showing a shaded area where data will be 

used for model training 
 
2.2 Modelling strategy 
 
Grey-box modelling is used as the modelling strategy, which uses a white box approach 
(knowledge of the system)  that is then applied to a Black-box model (Machine learning). This 
allows the model to incorporate the physics of the model together with the advantages of black-
box improved performance. It has been modelled in series where the white-box theory then 
calculates better features that will train the black-box model as shown in Figure 4. 
 

 
 

Figure 4  Graphical approach to modeling 
 
To best evaluate which black-box model performs better, multiple models have been selected 
for testing. The modelling methods that have been evaluated are decision tree regression, 
Support Vector Machine and neural network. All models were modelled using the python 
programming language and the libraries scikit learn and tensorflow. 
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The features were modelled using a series of measurements and taking the statistical properties 
for a set of readings. The literature shows the most influential features may be the standard 
deviation of acceleration and the rate of rotation around the primary axis. The covariance 
between two axes of motion was identified as an important feature for determining wave 
direction. 
 
Models require a method of evaluating how successfully they predict the labels to compare 
against different models. In order to evaluate the accuracy of a model, the root mean square 
error (RMSE) has been used as the performance metric. This is a common modelling quality 
metric, where a lower RMSE is the desired outcome. 
 
3. Results and Discussion 
 
Creating unique models for each predicting element by varying features, modelling method and 
learning method allows the models to be studyed to deteremine the positives and negatives for 
each strategy. This permits more accurate and sophisticated models to be developed to 
determine sea state conditions.  
 
3.1 Modelling method comparison  
 
To determine the best modelling method each condition was trained for a series of recordings 
then the RMSE was averaged for each method. The best model is determined by varying 
features, time interval for each observation and modelling strategy. This is repeated for each 
predicting sea state variable. The results show that different sets of inputs are optimal for 
different parameters. 
 
3.2 Quantity of data required 
 
To determine the quantity of data required for modelling each parameter, the training dataset 
was reduced and evaluated. Scores are based on a normalised RMSE from the best model of 
each parameter. A key interpretation is how much data is required to train a model for 90% 
accuracy for its best model, as seen in Figure 5.  

  
Figure 5  Graph demonstrating training dataset for modelling vs 

performance 
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4. Conclusions and Future Work 
 
This trial was conducted on an in-service 35 m monohull vessel consistently operating between 
two locations. This trial has shown that with knowledge of vessel motions, speed and heading, 
seastate can be estimated. 
 
This method is useful for locations where only a segment of the journey can be used for training. 
For example, the area around a wave buoy or other point of truth. This model can be used to 
estimate seastate data for the whole journey to assist on-vessel operations. This method 
shouldn’t have any key obstacles for training in different locations unless there are severe 
differences in seastate that can’t be trained in the location. 
 
As this trial was conducted on a 35 m vessel with no ride control systems, the vessel was directly 
impacted by seastate conditions. For larger vessels with ride control systems, it is not 
immediately apparent how accurately this system will scale up. An additional trial applying this 
procedure to a larger vessel would help validate the method. 
 
In most scenarios, vessels want to be able to immediately apply these methods without a lengthy 
data collection stage. A method to improve this is to “Fast start” a model by training an initial 
model on simulated data and then incorporating real data as it becomes available. This method 
could greatly improve the amount of data required to train a model to an acceptable level. 
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Abstract 

 
Weight is a critical factor to be considered in the marine industry. Redundancy of weight 
for high-speed light craft results in a reduction in fuel consumption and hence operating 
costs. Composites are, therefore, seen as a possible future construction material of choice 
in the marine industry due to the high strength to weight ratio achievable. Carbon fibre 
reinforced polymer (CFRP) sandwich composite panels provide high stiffness and strength 
at a reduced weight when compared to aluminium. This project conducts a first principle 
analysis on the technical viability of large composite vessels through the use of four 
discrete size vessels; 60m, 80m, 100m and 120m. Aluminium and composite midships for 
each vessel size have been designed to comply with the longitudinal bending high-speed 
craft are subjected to during hogging and sagging moments. A weight comparison for the 
hull and bridge deck was conducted between the aluminium and composite midships at 
each vessel weight. The comparison concluded that an approximate weight reduction of 
50% may be achievable through the use of CFRP composite constructions. 

 
1. Introduction 
 
Improvements to the economies within the high-speed marine industry are centered on weight 
reduction. Vessel weight is one of the main contributors to the operating costs associated with 
running a vessel, primarily via fuel consumption. Discovering new materials or designs to 
reduce the weight of vessels is vital for companies to remain competitive in the industry.  
 
Austal is a world-leading high-speed lightweight vessel manufacturer. The company deals 
primarily in aluminium catamarans. To reduce the weight of vessels, Austal is currently 
investigating the technical viability of the use of fibre reinforced polymer (FRP) composite 
materials. The company is in the process of determining whether vessel lengths of up to 120m 
with a full composite construction are commercially viable. The use of FRP composites for 
vessel construction is expected to reduce the weight and hence, reduce the annual operating 
costs of the vessels. 
 
Table 1 provides a summary of the approximate relative fuel costs for vessels ranging 60m, 
80m, 100m and 120m. Due to the Austal’s primary clientele being European ferry operators, 
the annual fuel costs have been displayed in euros.  
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Vessel Length 60m 80m 100m 120m 
Annual Fuel Cost (M€) 4.2 7.1 9.5 12.2 

 
Table 1  Annual fuel cost for the varying vessel length in millions of Euros 

 
1.1 Load Cases  
 
There are 2 main categories of loading that should be considered during vessel design; local 
loading, and global loading. Local loading consists predominantly of sea pressures acting on 
the exterior shell plating of the vessel, while global loading consists of moments imparted on 
the vessel when operating in large seas. Global Loading is dominated by hogging and sagging 
moments of the vessel, which are depicted in figure 1. 

 
Figure 1  Hogging and sagging moments of a vessel 

 
In small vessels, the dominant design load case is local loading, however as the vessel increases 
in size the global loading increases until it is the dominant load case. 
 
1.2  Composite Materials 
 
Composite materials are becoming a common manufacturing option in areas where high 
performance and light weight are the two main requirements, such as the automotive and 
aerospace industries. Materials must satisfy three conditions to be considered a composite 
material; it is manufactured, it consists of two or more physically and/or chemically distinct 
components suitably arranged or distributed with an interface separating them, and the 
characteristics cannot be achieved by the components in isolation (Chawla, 2012). 
 
The most common composite materials today are fibre reinforced materials. These materials 
consist of a matrix reinforced by fibres that have high modulus and strength properties. 
Common fibres used in fibre reinforced composites are glass, aramid (Kevlar), carbon, boron, 
silicon carbide, and alumina. Common matrices are resin, metal and ceramics (Chawla, 2012).  
 
The composite selected for the vessel design in the project is carbon fibre reinforced polymer 
composites (CFRP). CFRP typically consist of polyester, vinyl ester or epoxy resin matrix. Due 
to the superior mechanical properties and resistance to water ingress, epoxy is the most suitable 
matrix for selection. 
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1.3  Composites in the Marine Industry 
 
There are current examples of vessels that consist of a full FRP construction. The Visby-class 
corvette, a 72m long naval vessel (Lindblom, 2003), and the Zhang Shan 20, a 40m passenger 
catamaran that is stated by the builder to have a structural weight saving of 40% compared to a 
similar aluminium design (BrodreneAA, 2019). These two vessels prove that full composite 
constructions are possible, however, neither of these vessels reach the upper limit of the size 
range analysed in this project. The Brodrene vessel also displays the possible structural weight 
savings that can be achieved in small passenger catamarans. The biggest question is if vessels 
of a large size can be manufactured and produce a comparable weight reduction as small vessels 
whilst experiencing different load cases. 
 
1.4 Locations of Interest 
 
There are two primary locations of interest in the project, the hull and the bridge deck. The hull 
is the section of the vessel that resides under the waterline of the vessel while at rest. The bridge 
deck is where the wheelhouse is located and is the outer roof of the upper passenger deck. The 
project looks into the effects of global bending on the composite vessel. Focussing on locations 
that have the highest effect of global loading associated with them. These two locations are the 
furthermost points away from the neutral axis, so they experience the greatest effect of 
longitudinal bending. 
 
2. Methodology  
 
The project required an analysis of the influence of the various design criteria as vessel length 
increases. To achieve this, four discrete vessel lengths were selected, 60m, 80m, 100m and 
120m. To generate the midship section dimensions of the above vessels a linear regression was 
performed on the data of previous Austal vessels.  
 
Next, the design loads of the vessel were calculated using the DNV GL rules. DNV GL is a 
class society to which most of the Austal vessels recently manufactured have been 
commissioned under. DNV GL has generated a set of rules and standards that all ship 
manufacturers must follow when constructing vessels. These rules outline the design loads that 
ship manufacturers have to design their vessels to withstand. 
 
As the primary aim of the project is to identify the potential vessel weight saving by utilising 
composite materials, comparable vessels constructed out of aluminium were first designed 
(through the assistance of an excel spreadsheet). Designing the aluminium vessel was an 
iterative process that involved testing the desired plate thickness and stiffener spacing for local 
loads, followed by global loads and finally buckling. Should the design fail under any of the 
conditions the process would start again with a different design. 
 
Through the aid of another spreadsheet, the full CFRP construction was analysed. The 
composite design had more variables to consider in comparison to the aluminium design, due 
to the heterogeneous nature of composite materials.  
 
Using the calculated design loads and the generated spreadsheet an iterative process began, 
similar to the aluminium design process. A laminate lay-up was selected and analysed in regard 
to local pressures, longitudinal global bending and buckling (locally and globally). If the 
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laminate failed to satisfy any of the criteria the process started again. The designs that satisfied 
all criteria were compared based on weight, with the lightest selected as the final design. 
 
3. Results 
 
3.1 Dominant Load Cases 
 
The load cases in the aluminium vessels changed as length increased. The 60m and 80m vessel 
are dominated by local loads whilst the 100m and 120m vessels are dominated by global loads. 
However, the composite vessels do not follow the same pattern; all four of the vessels are 
dominated by global loads, specifically global buckling of the bridge deck and the hull. The 
composite materials, especially sandwich composites, have high stiffnesses, due to two high 
strength skins separated by a low-density core. This stiffness gives the composites high 
strength. The strength of the material allows the composites to satisfy longitudinal bending, 
however, composites have a low buckling tolerance. This low tolerance meant that buckling 
was the primary load case designed for. 
 
3.2  Vessel Weight 
 
Composite stiffness can result in significant weight savings in the structural weight of the 
vessel. Figure 2 below displays the weight savings possible for a full CFRP composite 
construction for various vessel sizes. The weights of the vessels have been calculated as non-
dimensionalised unit weights at the midpoint of the vessel. 
 

 
 
Figure 2  Non-dimensionalised weight of vessel hull for varying vessel sizes 

 
Figure 3 displays the weight savings at the first location of interest, the hull. The hull of the 
vessel for analysis purposes was split into two sections; the keel (the very bottom of the hull) 
and the below waterline hull (the section from the keel to the waterline). The weight of the keel 
is dominated by global loading. The below waterline hull, on the other hand, is dominated by 
the local pressure applied to the shell. The below water line section is a large panel and 
therefore, experiences a greater stress due to the pressure. The weight in this section was 
reduced in the 100m and 120m vessel through the inclusion of stiffeners to reduce the panel 
size and improve the aspect ratio to influence the stress in the panel. 
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Figure 3  Non-dimensionalised weight of vessel hull for varying vessel sizes 

 
Figure 4 displays the weight savings achievable in the second location of interest, the bridge 
deck of the vessel. The bridge deck experiences a large compressive force during sagging, 
causing the panels to buckle. In the two smaller vessels a thicker core and skins were required 
to satisfy buckling. The larger vessels, however, required stiffeners to reduce the aspect ratio 
of the panel (and hence the unsupported area susceptible to buckling) to satisfy the load case. 
The inclusion of stiffeners allowed for greater weight savings to be achieved when compared 
to a thicker, single, unsupported sandwich panel in the bridge. 
 

 
 
Figure 4  Non-dimensionalised bridge deck weight for varying vessel sizes 

 
Table 2 summarises the approximate percentage weight saving in the four selected vessel sizes 
 

Vessel Length 60m 80m 100m 120m 
Total Vessel 60% 55% 49% 52% 
Hull 57% 59% 57% 61% 
Bridge Deck 52% 41% 52% 51% 

 
Table 2  Percentage weight saving for varying vessel length 
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3.2 Fuel Savings 
 
Fuel is one of the major annual operating costs, and such saving fuel is critical. Using the total 
vessel weight-saving, the approximate fuel saving can be determined. 
 

Vessel Length 60m 80m 100m 120m 
Annual Fuel Saving (M€) 0.7 1.8 2.5 3.5 
Percentage of Annual Fuel Cost 18% 25% 26% 28% 

 
Table 3 Estimated annual fuel savings of varying composite vessels 

 
4. Conclusions and Future Work 
 
This project has indicated that large high-speed vessels with full CFRP composite constructions 
could potentially achieve a weight reduction in the range of 50% and satisfy local loading and 
longitudinal bending. However, there are still many factors to be considered to determine 
whether full CFRP can satisfy the other load cases experienced by catamarans during their 
service life, such as global torsion and global shear. In addition to the other load cases 
experienced by the vessel, the anisotropic nature of the CFRP materials introduces new 
variables to consider. The cyclic hogging and sagging moments cause the materials to fatigue, 
and so this aspect will require investigation to determine when failure could occur. In addition, 
joining methods necessary for the manufacturing process will also require investigation as they 
will introduce new areas for cracks to initiate. Finally, a full cost analysis is required to 
determine the venture as economically viable should a full CFRP composite construction be 
considered technically feasible. 
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Abstract 

 
BHP Billiton Nickel West Pty Ltd (Nickel West) operates a nickel refinery based on the 
Sherritt-Gordon process. The nickel matte feed contains copper which requires removal 
for the refinery to produce premium grade nickel briquettes and powder. The copper is 
removed via the copper boil process, precipitating out of solution with elemental sulphur 
to form copper sulphide. Platinum group metals (PGMs) such as platinum, rhodium, and 
palladium are recovered via co-precipitation with the copper sulphide. However, PGM 
recovery is inconsistent especially concerning platinum and rhodium, which has meant that 
Nickel West is unable to receive any realisable income. It is unknown why the recovery in 
the copper boil process is so low; a possible reason is due to the vast array of process 
variables that affect the chemistry in the system. Through analysing Nickel West’s 
annualised data, sulphur has been identified as a process variable that affects the recovery 
of platinum. Subsequently, tests have been conducted on a laboratory scale in which the 
sulphur concentration was adjusted using elemental sulphur, sodium hydrosulphide, and 
thiourea. Current observations indicate that improved platinum recovery is attainable in 
an economically viable manner to reach the desired 99 % recovery. 

 
1. Introduction 
 
BHP Billiton Nickel West Pty Ltd (Nickel West) operates a nickel refinery based on the 
Sherritt-Gordon process that commenced operation in 1970.  It is one of two refineries in the 
world that operate using this nickel extraction method. The process involves leaching nickel 
matte with ammonia to form metal amine sulphate solutions. These solutions can then be further 
processed via oxidation and hydrolysis (oxydrolysis) and hydrogen reduction to produce high 
purity nickel products of powder and briquettes. Figure 1 demonstrates how these processes are 
incorporated in the Sherritt-Gordon process.  
 
The feed grade of the nickel matte varies depending on the ore supplied from the mines. 
Consequently, in addition to nickel, several other species are found in the matte which require 
removal to achieve a high purity nickel product. These include copper, cobalt, iron, platinum 
group metals (PGMs) and other precious metals (OPMs). Copper and the PGMs are removed 
in the Copper Boil (Cu Boil), which consists of 4 tanks in series with a reboiler, representing a 
rectifying column of four plates (Wishaw 1980). Liquor flows down through these tanks to the 
reboiler, where the mixture is heated, resulting in the ammonia and water vapours being sent 
counter-currently in the circuit. The purpose of the copper boil is to: 
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1. Remove excess ammonia from the process liquor to meet the ammonia:metal ratio for 
nickel reduction 

2. Increase the ammonium sulphate concentration required for oxydrolysis 
3. Precipitate copper impurities via reacting with sulphur to form Copper sulphide 

 
 
Figure 1  Nickel West’s Sherritt-Gordon refining process with the Cu boil 

process highlighted (Woodward 2014) 
 
The feed liquor to the Cu boil consists of the overflow from the three thickeners used at Nickel 
West’s refinery. This liquor is pre-heated and fed to the first tank with the liquor cascaded down 
to the second tank, where sulphur is added. The amount of sulphur added is dependent on the 
requirements of the precipitation of copper. The resulting slurry is then agitated and cascaded 
down the remaining two tanks to the reboiler. The reboiler operates at elevated temperatures to 
promote Copper sulphide precipitation in the tanks (Wishaw 1980). The addition of steam and 
sulphuric acid helps with reaching these temperatures. The overheads of the process are then 
further separated, with the ammonia and water vapours fed back to the reboiler to provide heat. 
The remaining liquor is fed to a Copper sulphide circuit feed tank before being separated to 
copper-free liquor (CFL) and Copper sulphide.  
 
PGMs such as platinum, rhodium and palladium and OPMs such as silver and gold, are also 
recovered at this stage via co-precipitation with Copper sulphide. The literature on the 
mechanisms and kinetics of co-precipitation of metal sulphides is very limited, and not well 
understood (George, Gaylard & Lewis 2009). Consequently, it is unknown how the co-
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precipitation occurs in the Cu boil. However, most of the PGMs and OPMs are recovered at 
sufficiently high concentrations with the Copper sulphide product via this mechanism. Platinum 
and rhodium, however, have limited recovery, which has meant that Nickel West is unable to 
generate any realisable income for these species.  
 
The low recovery of these species has been consistent throughout the 49 years the refinery has 
been in operation, with no solution or clear reason proposed as to why this occurs. What makes 
this problem so intricate is that the concentration of PGMs is dispersed throughout the Sherritt-
Gordon process, making them difficult to recover due to the low concentrations. The last known 
study on improving the recovery was completed in 1987 by B.F. Wishaw to determine methods 
on a laboratory scale to improve the recovery of platinum. However, conclusions could not be 
drawn due to “numerous potential sources of error” and “non-representative” data (Wishaw 
1987). Consequently, this problem is complicated by the limited data and poor knowledge of 
the system. This has provided more incentive to investigate platinum recovery to understand 
why the recovery is limited and how it can be improved. This project seeks to identify and 
propose a possible solution to increasing the recovery of platinum to 99 % in a manner which 
is economically viable and neither modifies nor affects downstream processes in the Sherritt-
Gordon process.  
 
2. Process 
 
Due to the uniqueness of the Sherritt-Gordon process, there is no clear solution outlined in 
industry nor literature to increasing platinum recovery. However, inspiration was drawn from 
literature to find an appropriate resolution.  
 
2.1 Data Acquisition 
 
Upon reviewing other scenarios where the recovery of PGMs have been low, the solution to 
resolving this matter has been modifying operational parameters of the system. George, 
Gaylard, and Lewis (2009) investigated the mechanism of rhodium co-precipitation with 
Copper sulphide; where the rhodium concentration was two orders of magnitude lower than the 
copper. Process variables were identified that affected the co-precipitation mechanism such as 
temperature, cupric copper concentration and metal sulphide solubility which were then altered 
under laboratory conditions to achieve improved recovery. Similarly, Mulwanda and Dorfling 
(2015), investigated different operating conditions in a copper sulphate leach residue to recover 
rhodium, ruthenium, and iridium. By adjusting the temperature and agitation of the solution, 
recovery was increased. Hence, it is suggested that potential mechanisms for improved 
platinum recovery could be identified by analysing process variables, as currently there is a 
poor understanding of how the Cu boil’s conditions affect the mechanism of platinum recovery. 
 
Consequently, Cu boil process parameter data was obtained from Nickel West. This included 
45+ process parameters such as reboiler temperature, tank pressure, and sulphur addition. The 
data obtained was then “cleaned” by removing periods of shut-down, start-up and intermittent 
periods when the Cu boil was operating out of the desired operating conditions. The data was 
then annualised to determine the average and associated fluctuations for the variables 
throughout the corresponding year. Each process variable could then be correlated against the 
respective recovery of platinum. Hypotheses were then proposed that reflected what variable 
could be adjusted in the Cu boil process. From this, an experimental methodology was designed 
to test whether the hypotheses were true and applicable to the Cu boil process. It is noted 
though, that hypotheses that would affect downstream circuits in the Sherritt-Gordon process 
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such as oxydrolysis and reduction, were ignored as this would then affect the purity of the nickel 
products that the refinery produces. 
 
2.2 Experimental Methodology 
 
From the data acquisition, experimental tests were designed to test the suggested hypotheses. 
These tests were designed in four stages: 
 

1. Establish a base case of Cu Boil 
It was necessary that the experiments appropriately reflected the Cu boil process. To 
ensure this, several different experimental setups were reviewed to ensure the heating 
of the vessel used in the laboratory was sufficient. This was to allow excess ammonia 
from the process liquor to be evaporated to meet the ammonia:metal ratio required in 
the Sherritt-Gordon process. The liquor used was the copper boil feed (CBF) liquor, 
which came from the adjustment thickener overflow (ATO). 
 

2. Batch Test of Cu Boil 
The established base case set-up was then used in a series of tests replicating the Cu boil 
process whilst increasing the amount of sulphur added. The reactor was run for a period 
of 4 hours, similar to the residence time of liquor in the full-scale Cu boil. Samples were 
taken hourly to determine how the recovery of the PGMs changes with time.  
 

3. Bottle Roll 
Several bottle roll tests were conducted in a hybridisation oven using liquors of Copper 
Boil Discharge (CBD) and CFL. These experiments were to reflect if further recovery 
of platinum could occur at the end of the Cu boil process instead of adjusting throughout 
the entirety of the process. These bottles were agitated for a period of 24 hours in the 
oven instead of 4 hours, as the residence time of the selected liquors would not affect 
the functionality of the Cu boil. 
 

4. Scale-Up of Bottle Roll 
From the results achieved in the bottle roll testing, scale-ups of the promising tests were 
completed. The 24-hour residence time remained, with samples taken hourly to map the 
kinetics of the process. This would assist in selecting the best residence time and reagent 
to potentially implement to the Cu boil.  
 

3. Results and Discussion 
 
3. 1 Process Variable Selection 
 
Analysing the annual composite data found several correlations between process variables and 
the platinum recovery in the Cu boil. The most significant correlation was with the amount of 
sulphur in the Cu boil. The concentration of sulphur present in the Cu boil system appears to 
impact the percentage of platinum recovered as indicated by Figure 2. This suggested that an 
increase in the sulphur concentration will allow platinum to co-precipitate out of solution in 
larger concentrations as PtS. This encouraged an investigation into adding various amounts of 
elemental sulphur to the Cu boil to determine whether a 99 % recovery is possible. This was in 
addition to exploring whether other sulphur species, such as sodium hydrosulphide (NaSH) or 
thiourea, could be added to CBD and CFL at the end of the process to assist in improving the 
recovery of platinum under the current operating conditions of the Cu boil. It is suggested that 
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these species only be added to the final Cu boil liquors due to their strong reducing nature. If 
added throughout the Cu boil, the chemistry required to form copper sulphide could be affected.  
 

 
Figure 2  Annualised trend data of sulphur concentration in Cu boil with the 

respective platinum recovery 
 
Further correlations were found with other process variables, but none as notable as the impact 
sulphur has on the Cu boil. Additionally, most of the other process variables identified would 
affect the operability of the Cu boil and consequently, downstream processes, and thus could 
not feasibly be altered.  
 
3.2 Experimental Testing 
 
At the time of publication, 3 of the 4 stages of testing have been completed. From establishing 
a base-case of the Cu boil, it was determined that the laboratory set-up would require external 
heating. This would allow the liquor to obtain enough heat for ammonia to evaporate off. This 
method was implemented when conducting the batch testing of the Cu boil. Several different 
elemental sulphur dosages were added with the respective recoveries of platinum evaluated. 
The results indicate that an increase in sulphur will increase the platinum recovery, supporting 
the previously established hypothesis. However, the curve does not correlate with the 
annualised data as demonstrated in Figure 3. It is suggested that this has occurred due to 
insufficient mixing and heating of the solution, which in turn could affect the mechanism of 
platinum recovery.  The differences in the mixing between the Cu boil and laboratory set up is 
reflected in the evaluated tip shear and Reynolds Number (Table 1). To resolve this, the Cu boil 
will be remodelled to ensure the laboratory set up better reflects the mixing occurring in the Cu 
boil. From here, a more realistic evaluation on the recovery level that can be achieved can occur.  
 
Bottle roll test results indicate that the addition of NaSH and thiourea to CBD and CFL does 
improve the recovery of platinum. From these initial results, tests can be developed and scaled 
up to a reactor size to further assess whether these reagents and liquors can achieve as high of 
recovery as elemental sulphur in the copper boil feed (CBF). 
 

Set-Up:      Cu Boil Process Laboratory Reactor 
Average Shear Rate (s-1)      2.63  70.07 
Reynolds Number      2.12x105  1.12x104 

 
Table 1  Comparison between tip shear and Reynolds number for the Cu 

boil and laboratory reactor set-up 
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Figure 3  Comparison between the annual platinum recovery trend and the 

experimental platinum recovery trend 
 
4. Conclusions and Future Work 
 
Based on the preliminary findings, platinum recovery within the Cu boil can potentially be 
improved by increasing sulphur concentration. However, further testing is required with 
enhanced heating and mixing to see if recovery can be further improved and reproduce the 
annualised data trend. Ongoing work includes evaluating whether adding NaSH or thiourea to 
CBD or CFL will further improve the platinum recovery. It is suggested that the findings from 
this project be used to develop a pilot plant of the Cu boil process. This will assist in determining 
the most viable option to increase platinum recovery, as this would best reflect the Cu boil 
process and hence, give a more accurate evaluation on how the recovery can be increased.  
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